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Abstract
Current laparoscopic techniques for achieving a safe hysterectomy rely heavily on manipulating and
stabilizing the uterus using a transvaginal uterine elevator. Commercially available uterine manip-
ulators are rigid in design and lack attributes like flexibility for pose control, force sensing or ease
of adaptability. The current technique in using uterine elevator is to have an assistant manually re-
position the uterus in response to the surgeon's command. Inefficient response to these commands,
lack of experience, poor commands by the surgeon or fatigue are some of the issues arising from
the use of the current manipulation technique. Furthermore, the manipulation of a rigid and stiff
uterine elevator could potentially damage the uterine wall. A flexible uterine manipulator which
can be controlled remotely whilst the surgeon is sitting at the operating console would be a big
step forward in advancing robotic gynaecological surgery. These issues motivate this research on
the development of an innovative flexible uterine elevator. This research was aimed at developing
pneumatically controlled, octopus inspired robotic flexible uterine manipulator, GENTLER (Gynae-
cological ENdoscopic uTerine eLEvatoR), based on soft continuum mechanism with integrated force
and pose sensors.
The use of soft robotics technology for practical applications requires modelling of the shape, move-
ment and dynamics of the robot. Based on the literature, efforts in modelling the behaviour of this
manipulator have focused mainly on kinematic modelling, while dynamics of the system is poorly
studied which restricts the full potential of the technology. Another aspect that remains open is
robust or stiffness control design of this pneumatically driven soft tube. Variable stiffness control is
of prime importance to achieve the accuracy required to satisfy the desired position and force com-
mands. Therefore, this research focused on the development of material-based dynamic modelling,
a novel approach to embody the inherent nonlinearity exhibited by soft continuum manipulator as
well as the design of real-time tunable stiffness control. Semi-empirical approach was used, which
combined both theoretical modelling and experimental analysis of data obtained in laboratory to
develop the model and the control architecture. Finally, the proposed modelling approach and con-
trol architecture were implemented into the prototype of GENTLER. The working prototype was
validated in real-time using ex-vivo testing.
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Chapter 1
Introduction
Robot-assisted laparoscopic hysterectomy is a technology that has emerged from the ad-
vancement and fast growing field of robotic surgery in gynaecology. Similar to the traditional
laparoscopic hysterectomy, this minimally invasive technique requires only 3 to 4 small inci-
sions on the lower abdomen for the insertion of a camera and specialized microsurgical tools.
However, the articulation beyond the normal wrist manipulation and the three-dimensional
(3D) high definition magnification provided by the robotic technology allows the surgery to
be performed with higher accuracy and precision.
Current laparoscopic and robotic techniques used in the hysterectomy procedure rely heav-
ily on manipulating, repositioning and stabilizing the uterus using a transvaginal uterine
elevator to provide good visualization and access to the organ, by increasing the distance
between the uterus and bladder, ureters, rectum and surrounding structures. While the
surgical procedure of laparoscopy is advancing with the use of robotic systems such as the
Da Vinci robot, the design of the uterine elevator and the technique of elevating and ma-
nipulating the uterus during the procedure continue to remain the same. A number of
instruments have been explored for manipulating the uterus. All the commercially avail-
able uterine elevators are generally based on the use of rigid materials and they either
require human assistance to hold the manipulator in position or rely on limited capabilities
of the motorised and voice controlled holder. The commercially available uterine elevators
also suffer from slippage and lack attributes like flexibility for pose control, force sensing,
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intelligence, autonomy or ease of adaptability.
The use of a uterine elevator during a surgery entails insertion of the manipulator through
the vagina, into the cervical canal and lodging the tip into the uterus. The manipulator
remains in the vaginal and cervical canal and it is constantly utilized for the duration of the
surgery. The rigidity of the currently available uterine elevator design oftentimes caused
patient's discomfort, and patients often experience tissue trauma, which is inadvertently
inflicted during the manipulation and repositioning of the uterine elevator in the cervix,
hence prolonging the recovery time. As hysterectomy is the most common major gynaeco-
logical operation, with reported figures of up to 100,000 procedures performed annually in
the United Kingdom [1] and up to 600,000 procedures per annum in the United States [2];
thus; there is a need to ensure the safety and well-being of the patients undergoing these
surgeries.
Soft robotics technology predicts a promising future and provides new capabilities in diverse
fields such as healthcare technologies, biomedical systems, search and rescue systems etc. It
offers flexible mechanism and dexterous mobility; therefore it is ideal for applications which
require delicate operation in a congested and unstructured environment. It generates little
resistance to compressive forces and can conform to obstacles due to its high deformability
and high energy-absorbing properties, thus preventing them from exerting large inertial
forces as it manoeuvres from point to point. Applying the use of soft robotics technology
represents an emerging way to build systems that are able to interact safely with the natural
environment and humans for medical application.
1.1 Research Motivation
Uterine elevators that are currently available in the market pose a number of disadvantages
mainly due to the constraints in the design and the technique of manipulation. The design
of all commercially available uterine elevators is generally based on the use of rigid mate-
rials, limiting their manoeuvrability in confined spaces without applying excessive contact
pressure and concentrations of stress, which can result in new injuries and damage to the
uterine wall. The current, most acceptable technique in using uterine manipulator is to
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have an assistant manually reposition the uterus in response to the surgeon's commands.
The assistant sometimes may not be able to efficiently respond to these commands or hold
the uterus in position due to the lack of experience, lack of coordination, poor commands by
the surgeon or fatigue and tiredness. Other issues pertaining to the manual manipulation
of uterine elevator are slippage and increased cost of surgery. This unmet need for a fully
controllable uterine elevator to improve functionality and reduce recovery time is the main
motivation of this study. Although some uterine elevators can be mounted to a mechanical
holder, they still need to be repositioned by an assistant, which results in errors caused
by miscommunication, lack of concentration and/or boredom. Oftentimes, these mechani-
cal holders are incompatible with robotic surgery as they get in the way of other surgical
tools [3, 4]. ViKY ®UP, a commercially available motorised, voice controlled surgical tools
holder, was designed to eliminate the issue related to the use of an assistant as well as
manual manipulation. However, ViKY ®UP is a mere holder and it still vastly depends
on existing rigid uterine elevator that can damage the vagina/uterine wall, prolonging the
recovery time.
Nowadays, biologically-inspired soft robots have attracted more interest for application in
robotic surgery due to their compliance and high dexterity. This research was aimed at
developing a novel pneumatically driven flexible uterine manipulator inspired by the move-
ments of octopus tentacles. This project addressed the development of a flexible uterine
manipulator. The advanced uterine elevator is based on a stiffness controllable and soft
continuum mechanism with integrated force and pose sensors. The complete system devel-
opment involved the design and fabrication of the soft silicone manipulator with mounting
component that resulted in a fully functional uterine manipulator prototype, modelling of
the dynamics of the soft silicone manipulator, as well as robust control architecture of the
overall system.
1.2 Aim and Objectives
The main aim of this research is to devise a functional prototype of GENTLER (Gynaeco-
logical ENdoscopic uTerine eLEvatoR), by focusing on prototyping, modelling and control
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architecture of the system. In line with this aim, the technical objectives of this research
are:
i) Establishing requirements and specifications of GENTLER.
ii) Formulating and validating the nonlinear system dynamics of the soft silicone actuator
to permit the implementation of real-time control.
iii) Developing a real-time stiffness control method to achieve disturbance compensation
and provide stability to the operation of the soft continuum actuator.
iv) Evaluating the overall performance of the flexible uterine manipulator designed based
on soft continuum actuator.
1.3 Research Novelties
The following novel contributions arise from the pursuit of these objectives:
i) A new modelling approach that gives a better understanding of the dynamic charac-
teristics of the soft continuum actuator based on the inherent material property of the
silicone used to construct the uterine elevator. This approach can be generalized to soft
actuators of different materials by changing the parameters of the constitutive model.
ii) A multi-layer closed loop robust control system for real-time compliance or stiffness
control, position and tip force control of the soft continuum elevator.
iii) Developed the proof-of-concept for a exible and stiffness controllable soft uterine ele-
vator mechanism that will offer greater agility and manoeuvrability compared to any
uterine manipulators currently used for gynaecology procedures.
1.4 Publications
Papers based on this research were published in or are under consideration by peer reviewed
conferences and journals, including:
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 Seri Mastura Mustaza, Duale Mahdi, Chakravarthini Saaj, Wissam A. Albukhanajer,
Constantina Lekakou, Yahya Elsayed, and Jan Fras. Tuneable stiffness design of
soft continuum manipulator. In Intelligent Robotics and Applications, pages 152–163.
Springer International Publishing, 2015 (Presented Sept. 2015)
 Constantina Lekakou, Seri M. Mustaza, Tom Crisp, Yahya Elsayed, and C. M. Saaj. A
Material-Based Model for the Simulation and Control of Soft Robot Actuator, pages
557–569. Springer International Publishing, 2017. Towards Autonomous Robotic
Systems: 18th Annual Conference, TAROS 2017, Guildford, UK, July 19–21, 2017,
Proceedings (Presented Aug. 2017)
 Seri Mastura Mustaza, Duale Mahdi, Chakravarthini Saaj, Francisco Comin, and Con-
stantina Lekakou. Development of tunable stiffness control for soft continuum surgical
manipulators. International Journal of Humanoid Robotics., 2017 (Under review)
 Seri Mastura Mustaza, Constantina Lekakou, Chakravarthini Saaj, and Yahya El-
sayed. Dynamic modeling of soft manipulator: A visco-hyperelastic material based
continuum mechanics approach. Soft Robotics Journal, 2018 (Submitted)
1.5 Thesis Structure
The rest of the thesis is organised as follows:
Chapter 2 provides critical literature review of the State-of-the-Art of technologies related
to the research problem addressed in this study. Specific focus is placed on uterine elevators
that are available in the market and highlighting the need for elevators/manipulators with
improved manoeuvrability. This chapter also explores the design and application of soft
continuum manipulators as a prospect to improve agility of current uterine elevators.
Chapter 4 presents the envisaged concept of the flexible uterine manipulators and describes
the Hardware and Software components of the system developed in this research. This
chapter introduces the design and structure of the soft actuator designs used throughout
the research and highlights the characteristics and behaviour of each individual design.
Chapter 5 presents the material-based dynamic model, based on the constitutive law of
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material behaviour. The material-based model was utilised to embody the inherent non-
linearity and hysteresis exhibited by the soft silicone actuators. This chapter also presented
the model-based closed-loop position control based on the proposed dynamic model.
Chapter 6 introduces a tunable stiffness method for disturbance rejection control. The
tunable stiffness matrix was formulated to provide variable stiffness based on the position
of the actuator in space.
Chapter 7 presents the prototype of the flexible uterine manipulator. The focus of this
chapter is mainly to investigate the actual performance of the proposed flexible uterine
manipulator concept based on a soft continuum actuator. Experimental validation was
carried out for clinical scenario and the achievements as well as the limitations of the
prototype were highlighted.
Chapter 8 concludes the document by summarising the prominent findings, and addressing
the achievements of this research as well as indicating guidelines for future work.
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Chapter 2
Literature Review
This chapter presents a detailed review of the current state-of-the-art of rigid uterine ma-
nipulation techniques as well as flexible robotic systems useful for designing the novel robot
assisted flexible uterine manipulator addressed in this research. The section associated
with uterine manipulation includes an introduction to the various uterine elevators that are
available in the market and the current research direction with regards to the development
of robot assisted uterine manipulator, while the topic associated with flexible robot reviews
successful prototypes of flexible robots for medical applications, and the current state-of-
the-art of soft continuum robots. These reviews aim at providing an up-to-date information
on various developments in these emerging areas and to identify research directions and
gaps to be filled by this study.
2.1 State-of-the-Art of Uterine Elevator
2.1.1 Uterine Elevator
Uterine elevator is essential in performing laparoscopic hysterectomy including robot as-
sisted laparoscopic hysterectomy. It is inserted into the vagina to mobilise and control the
position of the uterus in order to provide better visualization and access during the surgery.
Uterine elevator's main function in laparoscopic procedure is to mobilise, manipulate and
control the uterus to provide good visualisation as well as to increase the distance between
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uterus and bladder, ureters and rectum, thus reducing the chances of injury. Risk that has
always been associated with hysterectomy is the injury to adjacent organs and tissues such
as bladder or ureter. Maresh et al. [1] and Meikle et al. [9] reported a rate of 1.13 % and
1.8% visceral damage (bladder, ureter and bowel) cases due to laparoscopic hysterectomy,
respectively. In 2006, National Institute for Health and Clinical Excellence UK (NICE)
reported 1.1% injuries to the ureter, 1.3% bladder injuries and 0.4% bowel injuries [10]
arising from laparoscopic hysterectomy. These injuries can be avoided by employing uter-
ine elevators that could provide good manoeuvrability of the uterus during the procedure.
To achieve this, the uterine elevator must allow manipulation in all directions i.e. pushing,
anteversion, retroversion, lateralisation and flexing of the uterus [11]. This function is
crucial to bring the uterus closer to the surgical instruments and stretching the side be-
ing operated on, thus facilitating the surgery. Other functions performed by the uterine
elevator are maintaining the pneumoperitoneum following colpotomy and assisting in the
identification of vesico-uterine plane, the adnexae and the posterior cul-de-sac. Figure A.2
shows the function of the uterine elevator, which is to provide vaginal delineation as well as
to stretch, move and re-position the uterus.
Most state-of-the-art uterine elevators are simple and rigid in design, whereby they are fixed
at the cervix, have a rod protrude into the uterus and lack any specific articulating mecha-
nism. Examples of this type of elevators are the HOHL uterine elevator [15], Mangeshikar
uterine elevator [16] and Hulka Clamp [17], all of which are fully reusable. For this type of
uterine elevator, manipulation is achieved by applying torque to the rigid handle grasped
outside of the vagina. Although the movement in the anterior-posterior plane is sufficiently
good, elevation movement is restricted [18]. Furthermore, the HOHL uterine elevator is
held at the cervix by a screwing mechanism and the Mangeshikar manipulator is held by
a sharp hook embedded in the cervix, which can cause persistent bleeding during manip-
ulation of the uterus and results in longer patient recovery. HOHL elevator is also very
expensive and therefore, not cost effective.
A group of uterine elevators which comprises of balloon at the distal end of the instrument
has also been developed. This includes V-care [19], Zinnati Uterine Manipulator Injector
(ZUMI) [20] and Kronner uterine elevator [21], all of which are disposable. The inflated
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Figure 2.1: : Illustration of a) uterine elevator positioned within the vaginal and uterine cavity by
[12], b) uterine elevator is securely fixed at the cervix to provide vaginal delineations [13] and c)
view of manipulated uterus during hysterectomy procedure from laparoscopic camera [14]
balloon is used to stabilize the uterus and to eliminate the use of tenaculum or sharp
hooks during manipulation. The design of ZUMI and Kroner device lacks vaginal fornix
delineator which limits its practical value. It also tends to twist within the uterine cavity
making it difficult to stabilize the uterus [22]. The V-care uterine elevator on the other
hand comprises a dual cup design to correctly define the dissecting plane and prevent
loss of pneumoperitoneum. The cups come in different sizes to accommodate different
Figure 2.2: : Simple uterine elevator: (a) HOHL uterine elevator [15], (b) Mangeshikar uterine
elevator [16] and (c) HULKA clamp [17]
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Figure 2.3: : Uterine elevator with balloon at the distal tip: (a) ZUMI [20] (b) Kronner [4] and (c)
V-care uterine elevator [19]
Figure 2.4: : (a) RUMI [24], (b) Clermont-Ferrand [25], (c) Pelosi [26] and (d) B Braun Manipu-
lator [27]
anatomical condition. However, due to the lack of articulation mechanism, this type of
uterine elevator has limited range of movement. Although this device does not have a
specific articulation mechanism, its curved shaft design makes insertion easy and eases the
manoeuvrability [18]. The forward and distal cups can be adjusted due to effectively
to maintain pneumoperitoneum due to the lockable sliding sleeve design. These features
address some of the issues lacking in other balloon designed uterine elevator [23].
Other uterine elevator designs that are available in the market are those that have artic-
ulation mechanism and a structure to assist delineation of vaginal fornices as well as to
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maintain intra-abdominal CO2 gas. These type of elevators usually come in various cup
and distal tip sizes. Such design can be seen in the RUMI elevator with KOH cup [28]
and Clermont-Ferrand uterine elevator [25] as shown in Figure 2.4(a) and (b) respectively.
The articulation mechanism allows much easier and more efficient manipulation as well as
a wider range of motion. RUMI and Clermont-Ferrand are both partially reusable uterine
elevator. The elevator shaft is made out of reusable material while the other accessories
such as the cups and tips are disposable. The RUMI uterine elevator adapts the balloon
design to achieve stabilisation during manipulation and its handle provides good flexibility,
enabling full 140 degrees of articulation at the cervix for excellent exposure [18]. The KOH
cup comes in different sizes to suit various patient anatomies and the KOH colpotomizer
ring helps maintain the pnemoperitoneum. As for the Clermont-Ferrand, it comes with a
series of silicone seals, function to maintain pneumoperitoneum and anatomical blade to
delineate the vaginal fornices. Both the tip and the anatomical blade come in 3 sizes to
meet patients'anatomy. In terms of range of movement, this elevator provides a good 140
degree movement in the anterior and posterior direction [4]. A graduated snap-in mecha-
nism allows for locking of the manipulator in 5 different positions (0◦, 30◦, 45◦, 60◦ and
90◦) [29]. Despite providing the necessary function of a uterine elevator, both of these
devices are complex to assemble; the RUMI has also been reported to be uncomfortable
during manipulation [30] while the Clermont-Ferrand is bulky in size [31].
Other uterine elevators of this kind are Pelosi [32] and B Braun uterine elevator [27]
as shown in Figure 2.4(c) and (d). The Pelosi uterine elevator is a reusable elevator
consisting of a body, or base unit, and various interchangeable blunt obturators, cannulas,
and cannulated obturators. It is said to be solid and reliable for simple uterine manipulation;
however, its shielded obturators only come in one size and may not fit certain anatomical
size [33]. It also relies heavily on the use of tenaculum and becomes difficult to use if
without the tenaculum. Another reported problem with the Pelosi elevator is that this
instrument conducts electricity, which potentially limits its use with electrocautery at the
vaginal cuff [33]. The design of the B Braun uterine elevator is similar to the Pelosi, as can
be seen in Figure 2.4(d) and therefore possesses the same drawback.
A more recent design of uterine elevator consists of light or illuminator in guiding and
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Figure 2.5: : Illuminated uterine elevator: (a) FORNISEE [34] and (b) SecuFix uterine elevator
[35] [13]
assisting the hysterectomy procedure. This includes FORNISEE [34] and SecuFix [35]
shown in Fig 2.5; both of these devices are partially reusable. The FORNISEE consists of a
custom distal cup that can highlight the colpotomy incision landmark, vaginal occluder to
maintain intra-peritoneal gas pressure and angled shaft to mobilise the uterus. Similar to
FORNISEE, SecuFix also consists of an illuminated cup to assist with visualisation of the
incision edge; at the same time, it serves as supporting illumination while the elevator is
positioned in the vagina. The cup consists of elastic vaginal cuffs that help to maintain the
pneumoperitoneum. One major added value of SecuFix, in comparison to FORNISEE, is
that the atraumatic fixation of the uterus is achieved through vacuum aspiration; however,
the cup only comes in one size to fit all anatomy. Both FORNISEE and SecuFix lack specific
articulating mechanism and only rely on the curved shaft design, which can be inadequate
to provide the desired movement range.
12
Table 2.1: Comparison of different designs of uterine elevators
Uterine Elevator
Movement
Reusable Assembly Cost ($)
Retroversion Lateral Elevation
Rumi 140◦ 90◦ 90◦ Partially ∗ 395
Vcare 90◦ 90◦ 90◦ No ∗ ∗ ∗ 88
Clermont-Ferrand 140◦ 130◦ 90◦ Yes ∗ 2500
HOHL 130◦ 130◦ 90◦ Yes ∗ 8500
TLH-Dr Mangeshikar 130◦ 90◦ 90◦ Yes ∗ ∗ ∗ 2500
Pelosi 130◦ 90◦ 90◦ Yes ∗ ∗ ∗ 2000
Fornisee N/A N/A N/A Partially ∗∗ 250
SecuFix N/A N/A N/A Partially ∗∗ N/A
∗ ≡ Slightly Easy ∗∗ ≡ Easy ∗ ∗ ∗ ≡ Very Easy
Table 2.1 compares uterine elevators that are currently in the market based on their move-
ment, reusability, ease of assembly and cost [18] [36].
2.1.2 Uterus Manipulation
Most often, the positioning of the uterus is performed by an assistant who manually reposi-
tions the uterine elevator in response to the surgeon's command. Figure 2.6 shows manual
manipulation of the uterus by an assistant with the rigid manipulator. The assistant some-
times may not be able to efficiently respond to these commands or hold the uterus in position
due to lack of experience, lack of coordination, poor commands by the surgeon or fatigue
[21]. These issues have been partially addressed by having a uterine elevator holder such
as the Kronner Sidekick and the Uterine Manipulator Positioning System (UPS) shown in
Figure 2.7.
Kronner Medical has devised the Kronner Sidekick [4], a uterine elevator holder that firmly
holds the elevator during laparoscopic surgery. It also holds other surgical manipulators
such as the vaginal retractor and endoscope to assist the laparoscopic procedure. Sidekick
can be attached to any side of the operating table and is compatible with various uterine
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Figure 2.6: : Manual manipulation of the uterine elevator using a) Clermont-Ferrand uterine ele-
vator [37], b) Pelosi uterine elevator [26] and c) RUMI uterine elevator [38]. d) Illustration of
manual uterine manipulation using the RUMI uterine elevator [24]
elevators such as VCare, RUMI, or the Kronner with proper use of adapter. This holder
allows 360 degree manipulation with pneumatic locking to lock at certain position; however,
it is difficult to assemble and the re-positioning of the uterus still has to be done manually.
A simpler design of elevator holder is the Uterine Manipulator Positioning System (UPS),
manufactured by CooperSurgical [39], to assist in stabilization and control of the uterine
elevator as well as to eliminate fatigue issues. This table-mounted system is designed with
three hydraulic joints to provide a full range of motion and allows manipulation of the
uterus with minimal bedside involvement from the surgical team [40]. However, the UPS
only works with uterine elevators manufactured by CooperSurgical [39]. Both the UPS and
the Kronner system use a foot pedal to release the elevator for repositioning. Figure 2.7
and Figure 2.8 illustrate the usage of the UPS with RUMI uterine elevator in manipulating
the uterus and the mounting of the UPS near the patient.
Both the UPS and the Kronner systems, while eliminating some of the issues addressed in
uterus manipulation, still do not give the surgeon full control to accurately position and
maintain the stability of the uterus as both need to be operated manually. Both also cannot
be controlled from the operating console for robotic hysterectomy procedure. ViKY UP
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Figure 2.7: Uterine Elevator Holder a) CooperSurgical Uterine Positioning System (UPS),
b) Kronner Sidekick
Figure 2.8: Manipulation of the uterus with the RUMI uterine elevator using the uterine positioning
system (UPS)
Figure 2.9: : ViKY Uterus Positioner (UP) used together with the VCare uterine elevator
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(Uterine Positioner) [41] shown in Figure 2.9, the latest invention in the surgical robotic
field, aims to provide full anterversion, retroversion as well as lateral uterus positioning
through a remotely controlled robotic arm [40], which makes it compatible with any robotic
procedure. The uterus can be repositioned by pressing the foot pedal or through simple
verbal command as the system is equipped with a voice control system. Safety is ensured by
having a surgeon-initiated stop to override the voice command. Furthermore, up to three
saved positions can be recorded to allow easy return of the elevator to specific positions
chosen by the surgeon [42].
Even though the ViKY UP is the first to introduce the role of surgical robots in uterine
elevator, it still relies heavily on the current design of uterine elevators from other man-
ufacturers, as it is designed only to replace the role of the assistant. Recent studies have
focused on designing a complete robotic uterine manipulator system independent from the
current design of uterine elevators [3] [43]. Although these devices have not been approved
for clinical use, it is a big step forward in designing a fully automated robotic uterine
manipulator system. One of these studies is from Massachusetts Institute of Technology
(MIT) in collaboration with Massachusetts General Hospital [3]. The system consists of 4
parts which are the end-effector, control terminal, mount system and non-local controller.
The prototype of the complete system is shown in Figure 2.10. The end-effector features a
pulley-driven tip capable of 170o vertical motion (tip actuation system) and a sleeve bearing
to the entire end-effector that enables rotation continuously (manipulator rotation system)
to achieve both vertical and lateral movement. The mount system functions so as to elimi-
nate the need for an assistant to hold the uterine manipulator throughout the duration of a
procedure. The mount simply clamps to the operation table to provide the necessary reac-
tion force and the non-local control allows the doctor to easily manipulate the uterus. One
of the disadvantages of this design is that the whole system has to be mounted alongside
and near the patient, which limits its usage in robotic surgery when the surgeon operates
from a console. An assistant is still needed if it were to be used in robotic surgery. In
terms of the manipulator design, it is still very rigid, which can cause tearing and bleeding
of the cervix, and it also lacks the mechanism to delineate vagina as well as to maintain
pneumoperitoneum.
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Figure 2.10: : The MIT robotic uterine manipulator design consists of 4 modules: 1) End effector,
2) Control terminal, 3) Mount and 4) non-local controller
Figure 2.11: : Chinese University of Hong Kong robotic uterine manipulator. CAD model of robotic
uterine manipulator (left) and its use with patient (right)
Another study that focused on completely automating the uterine manipulation for hys-
terectomy procedure was conducted at the Chinese University of Hong Kong [43]. The
robotic uterine manipulator system comprises three parts, which are the robotic position-
ing arm, a motorized uterus manipulator, and a supporting stand. Figure 2.11 illustrates
the CAD model of the system and how it can be used on a patient. Compared to the
MIT system, this system gives a lot more flexibility in terms of the positioning of the ma-
nipulator due to the arc-shaped rail. This system also allows remote operation, which is
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a necessary feature if it were to be used in robotic surgery. However, similar to the MIT
design, the surgical tool itself lacks the necessary features of a good uterine manipulator
such as the mechanism to maintain the intra-abdominal air and the mechanism for vaginal
delineation.
2.2 State-of-the-Art of Flexible Surgical Robotics System
Considering that the main function of the uterine manipulator is to mobilise and manipulate
the uterus, and that most of the currently available devices in the market have limited move-
ment range, there is a strong need for a novel uterine elevator with better manoeuvrability
to reduce the risk of injuries to the patients. One approach in improving manoeuvrability
is by the introduction of flexible elements in the overall design of the manipulator. This
approach has been successfully applied to several surgical instruments. This section reviews
some of the flexible surgical instruments to gain insight into their designs and the challenges
faced by moving away from the conventional rigid design.
Research in flexible surgical robots are rapidly gaining popularity as it is believed to be
the future of medical robotics. Its flexible structure allows the manipulator to have greater
degrees of freedom compared to the traditional rigid robots and therefore, has the ability
to navigate around anatomical targets to reach deep-seated pathological locations. Flexible
surgical tools can also prevent clashing with other instruments as they can be reconfigured
to go around any obstacle. The first flexible medical instrument, which was introduced in
1988, is an endoscope with the capability to control its shape along its entire length by Ikuta
et al. [44], and it employed shape-memory alloys (SMA) pulling on a spring skeleton for
bending in three directions. Based on this endeavour, the challenges in developing a reliable
flexible surgical manipulator were recognised. Researchers since then have worked on the
designs of flexible manipulators to solve the problem, such as maximizing angular bending
and improving triangulation for dextrous tissue manipulation. Several [45][46][47][48] note-
worthy flexible surgical manipulators for different surgical applications have been developed
since it was first introduced.
Figure 2.12 shows few examples of flexible surgical robots for different applications. Most
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of these flexible manipulators were based on either (1) connected articulated joints that
form hyper-redundant robots or, (2) tendon-driven mechanism that deform a skeleton by
pulling [49]. Examples of the first approach is the CardioArm [45] by Medrobotics Corp
and i-Snake by Yang et al. [48] [50]. CardioArm was aimed to be used for minimally
invasive throat and heart surgery and is composed of fifty rigid cylindrical links serially
connected by three cables. Each link does not have to be independently controlled; instead,
it employs the 'follow-the-leader'mechanism in its actuation, which makes it capable of
preserving its previous configuration and shape. This feature is distinctively different from
general endoscopic devices, which rely on a static shaft and the ability to control only the
tip. Different from CardioArm, the i-Snake robot allows independent control of each DOF.
It provides seven degrees-of-freedom from five serially connected segments attached to a
rigid aluminium shaft and consists of two internal channels, one of which can fit standard
endoscopic camera and the other enables the passage of various endoscopic instruments
during the procedure. Each modular joint unit is based on a hybrid micromotor/ tendon
design, which allows independent control of each rotational DoF while leaving sufficient
space for internal channels within the links [48].
Some examples of the tendon-driven flexible surgical robots are the Insertable Robotic Ef-
fectors Platform (IREP) [47] [55], Anubis [46], EndoSAMURAI [51] and SPRINT [56].
IREP is a system that can be folded into a 15mm diameter configuration for deployment
through a standard trocar port. It has two dexterous arms made out of two-segment contin-
uum manipulator and a controllable stereo-vision module. Each dexterous arm is equipped
with a gripper to carry out surgical tasks. These arms can be independently pulled out
and replaced with other surgical end-effectors. Although flexible, this instrument still has
limited dexterity in carrying out certain surgical tasks. It was also reported that it has
slow motions and cumbersome actuation pack. The Anubis scope [46] is a four-way artic-
ulating flexible endoscopic shaft design to perform a NOTES transvaginal cholecystectomy.
It consists of a multifunctional and a tulip-shaped distal tip. The distal flaps open into
two triangulating movable arms which can dilate incision with working channels for flexible
instrument insertion. The flaps design however, can potentially limit platform manoeuvra-
bility in a narrow endolumenal environment. SPRINT robot is a dual 6-DoF miniature arms
that can be passed in turn through a 30 mm trocar port at the umbilicus and then unfolded
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Figure 2.12: : Flexible surgical robot for different applications. [clockwise] Laparoscopy: (a) i-
Snake robot developed in Hamlyn Centre, Imperial College [48], (b)IREP robot licensed to Titan
Medical Inc. [47], (c) EndoSamurai by Olympus [51], Neurosurgery: (d) Concentric tube robot
by Webster et.al. [52], GI Surgery: (e) Anubis flexible endoscope by Karl Storz [46], Cardio-
surgery: (f) Concentric tube robot [53] and ENT: (g) Magellan catheter system by Hansen Medical
Inc. [54].
into a configuration similar to the one of the human arms [56], thus enabling bimanual
interventions for single port access (SPA) surgery. However, a specialized trocar port is re-
quired to utilise this instrument. Further miniaturisation is required for it to be compatible
with current surgical setup. Another example of cable driven design is EndoSamurai [51]. It
is an endoscopic shaft with two independent manipulator arms containing working channels
through which flexible instruments can be interchangeably operated. Endoscopic instru-
ments of various nature such as the insulated tip electrosurgical knife, grasper, and forceps
can be interchanged without the withdrawal of the endoscope. The system is capable of
performing suturing and bimanual manipulation of targets. However, the system requires
at least two operators for instrument guidance and the arm limits manoeuvrability within
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lumens and during retroflexion.
Most of the instruments introduced in this section have been tested on animal model in-vivo
and it is evident that the introduction of flexible elements to surgical instruments enhances
dexterity to facilitate various surgical tasks. This can be a good candidate to improve
the design of uterine elevator; however, the manoeuvrability of the aforementioned flexi-
ble systems is still limited. These manipulators, though flexible, are constructed based on
mechanisms composed of rigid components and actuated by motors, moving rods, gears or
a combination of cables and rods, all of which contribute to the limited flexibility. Further-
more, all of these manipulators were not specifically designed to interact with the surround-
ing biological structures in the sense that the main goal was to reach remote body parts
(rather than reducing the interaction forces), exploiting their highly dexterous structure,
thus enabling the possibility of performing a large number of procedures from a minimally
invasive access point [57]. It was designed to achieve a high desired distal force to carry out
specific procedures without taking into account interaction with the surrounding structure
before reaching the target site. Moreover, due to the rigid mechanical properties of the
structure, stiffness control can be very challenging and/or they are incapable of modifying
their mechanical properties based on the tasks to be performed.
2.3 State-of-the-Art of Soft Continuum Robot
Another approach to improve the manoeuvrability of uterine elevator is to construct the
actuation mechanism of the instrument based on a soft continuum manipulator design. This
section reviews designs and applications of soft continuum robot to study its capability and
potential for uterine elevator design. Soft continuum robots differ from flexible robots in
such a way that they are made out of intrinsically soft and/or extensible materials. This
class of robots relies on the hyperelasticity of the structure, which can tolerate high de-
formation and employs distributed deformation along its continuous backbone to achieve
the hyper-redundancy and dexterous mobility. The actuators of a soft robot are typically
integrated into and distributed throughout the structure. Its mechatronics components are
dependent and are merge together with each other. All of these components need to be
21
Figure 2.13: Mechatronics components of (a) rigid robot which are integrated compared to (b) soft
robots where the components are fused together [58]
collectively and simultaneously considered in designing soft robotics system. Figure 2.13
illustrates the difference in mechatronics system of soft robots in comparison to its rigid
counterpart. Additionally, soft robots have the ability to manoeuvre in tight spaces and
unstructured environments, and adapt to various environmental contact conditions com-
pared to traditional rigid robots or flexible rigid-link robots. It generates little resistance
to compressive forces, and therefore can conform to obstacles due to its high deformability
and high energy-absorbing properties, thus preventing them from exerting large inertial
forces as it manoeuvres from point to point. Soft robots or actuators are often biologically
inspired. Studying the soft body movements of animals in unpredictable environment pro-
vides invaluable insight for numerous robotic actuation and applications. This has led to
the development of numerous prototypes as can be seen in Figure 2.14. Applying the use
of robotics soft technologies represents an emerging way to build robots that are able to
interact safely with the natural environment and humans for medical applications.
2.3.1 Design and Actuation
Actuation mechanisms of soft robots are usually based on one of the following designs:
(1) embedded variable length tendons which can be in the form of tension cables [64], [65], [66]
driven by a motor or shape memory alloy cables/springs [67], [59], [68]. Shape memory
alloy is capable of recovering a predetermined geometrical shape (memorised), after a
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Figure 2.14: Bio-inspired soft robotics system (a) soft manipulator based on the muscle structure of
the octopus [59], (b) Earth worm inspired soft robot [60], (c) soft robot based on movement of a
catepillar [61], (d) soft robotic fish actuated [62] and (e) soft robot based on jellyfish [63]
plastic deformation, by a thermally activated transformation.
(2) embedded channels which can either be pneumatically or hydraulically actuated to
cause deformation.
(3) electroactive polymer (EAP), a system which consists of polymer and electrodes, ei-
ther separate or composite, modelled by considering the local electrical and chemical
interactions of a polymer, the solution, and an electric field [69], [70], [71].
This review will only focus on the second type of actuation mechanism as it is relevant to
the scope and application of this study. Pneumatically actuated soft robot was selected due
to its fast actuation, ease of fabrication with soft lithography and ability to achieve high
deformation at low pressure range that is suitable for the use within the human body.
The earliest design of pneumatically actuated soft manipulator was the Pneumatic Muscle
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Actuator (PAM), which was developed in the 1950s. There were little innovative inven-
tions in this area until 1992 when the flexible microactuator (FMA) was developed. FMA
demonstrated the approach of pneumatic actuation of a system made from fibre-reinforced
elastomer. Since then, numerous designs of soft robotics system have been developed and
a significant increase in the soft robotics prototype emerged since 2010. The increase in
interest in the last five years is due to the large amount of new synthesised and commercially
available soft materials, the accessibility of diverse fabrication techniques for soft materials
and more researchers having generally agreed that soft robotics technology should be incor-
porated in most robotic applications as it is intrinsically cheaper, safer, and more adaptive
in complex task environments [72]. The soft materials used to construct soft robotic sys-
tems include fluids, polymers, colloids, granular materials, and biological materials. The
common feature of all of these soft materials is that they consist of large molecules or as-
semblies of molecules that move collectively, and as a result, they give large and nonlinear
response to small forces [72]. Soft continuum manipulators can be catagorised based on
their deformation behaviour in achieving several modes of actuation and functions. Defor-
mation behaviour of this type of soft actuators includes elongation/shortening, bending,
expanding and flowing.
Elongation/Shortening
Elongation/shortening deformation is used by the soft actuator for basic linear motion,
reaching action as well as peristaltic motion. Examples of systems that takes advantage of
this behaviour are the Pneumatic Muscle Actuator (PMA) based system [77] [73] [78] as
well as the origami extension actuator by Martinez et al. [76]. PMA or McKibben actuator,
as illustrated in Figure 2.15(a), are among the most highly developed and studied class of
pneumatically soft actuators. PMA and those of similar structure use pneumatic pressure
as an energy source and rely on the stretch of the embedded chamber to achieve actuation.
It was initially used to assist actuation of a rigid robot but have matured into standalone
soft robot design. PMA is made of materials with higher Young's modulus compared to
some of the recently developed soft manipulator; therefore, it operates at relatively higher
pressure. PMA’s movement is limited in that it can only have one mode of actuation, i.e.
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Figure 2.15: Example of elongation deformation of soft actuator: (a) PMA for basic linear motion
[73], (b) PMA use for locomotion [74], (c) radial arrangement of PMA to create a complex 3D
motion of beating heart [75] and (d) Folding paper structure to create elongation/shortening [76].
linear elongation/contraction. However, a more complex 3D motion can be achieved to
fit a design function based on spatial arrangement. For example, if arranged spatially in
a matrix, the PMAs may be analogous to individual contractile elements such as muscle
fibrils.
Elongation/shortening deformation is also used for locomotion as presented in [74]. This
system consists of four units of pneumatically actuated artificial muscles, made of rubber,
in a serial arrangement as illustrated in Figure 2.15(b). This system has the capability
to mimic the peristaltic crawling of an earthworm and was designed to be attached to an
existing intestine endoscope. Thus, the robot is able to move the endoscope forward and pull
the intestine simultaneously, while retaining the functions of the existing endoscope.
A more complex 3D resultant motions, of a system based on PMA can be seen in [75].
The PMA based actuator is used as the outer and inner muscle fibre of the heart and is
arranged in opposing helices to mimic the heart's contraction during actual cardiac cycle
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Figure 2.16: : Gripping action based on bending deformation of soft material: (a) starfish gripper
based on PneuNets design [79], (b) soft gripper based on the unimorph actuator principle [80], (c)
soft robotic hand [81], (d) OctArm [82] and (e) Pneumatic Torsional Actuator, PneuArm [83].
upon actuation (Figure 2.15(c)). Martinez et al. [76] created elongation/shortening of
a soft actuator based on folded of paper structures. Embedding folded paper structures
in elastomeric polymers makes it possible to fabricate soft pneumatic actuators in which
motion on pressurisation is determined by the pattern of folds in the paper as can be seen in
Figure 2.15(d). The actuation depends on the number of pleats that are unfolded and larger
extensions can easily be achieved by increasing the number of folds in the paper.
Bending
Bending deformation of soft actuator has been used to design flexure hinges to give func-
tions such as finger gripping, flapping flying, rolling and legged locomotion. Figure 2.16
shows a soft robot system which takes advantage of bending deformation to form gripping
action. The starfish gripper in [79] is a fully soft robotic gripper designed based on embed-
ded pneumatics network (PneuNets). PneuNets is essentially a series of parallel pressure
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Figure 2.17: Bending of soft actuator for legged locomotion: (a) motion of a snake [84], (b) crawling
motion of a tetrapod [85] and (c) four soft actuators are used to create legged locomotion [86].
chambers embedded within an elastomer. The choice of materials, coupled with the design
of the channels, determines the response of the device to applied pressure. This gripper
is specifically a tri-layer structure, consisting of one active layer made of Ecoflex silicone,
a closing polydimethylsiloxane silicone (PDMS) membrane and a gripping layer formed of
Ecoflex. The gripper curls around an axis perpendicular to the length of the device upon
actuation to create gripping action, as can be seen in Figure 2.16(a). The robotic finger
in Figure 2.16(b) created its gripper action by employing the uni-morph actuator, called
Pneuflex. Two sheets of different materials are morphed together causing them to elongate
differently upon pressurisation. The so-called passive layer, which elongates less than the
active layer, causes the actuator to bend. The concept of reinforced fibre is applied to both
layers to constrain the expansion and maximize the bending deformation without significant
elongation for a more effective gripping action. This Pneuflex design was later employed
by Deimel et al. [81]. to design a highly compliant and dexterous anthropomorphic hand
as in Figure 2.16(c). This hand consists of seven Pneuflex actuators with several designs
to fit the motion of the palm and finger. Out of the seven actuators, four are used for
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the fingers, one for thumb action and two actuators are for the palm. The hand has good
payload to weight ratio and is capable of lifting objects nearly three times its own weight.
As introduced earlier, PMA is only capable of linear elongation/shortening deformation.
However, it can create a more complex motion based on arrangement of several PMA ma-
nipulators. This approach was employed by [82] in designing OctArm, a manipulator that
is based on the trunk of an elephant (Figure 2.16(d)). OctArm is constructed from PMAs
of several sizes, arranged radially to achieve the gripping action. Sanan et al. [83] used
similar approach to create a torsional muscle actuator to provide direct rotary motion. This
was achieved by complex arrangement of multiple PMA fibre within the robot arm. Both
of these systems are designed to serve higher payload capacities.
Bending deformation is also commonly used for locomotion. One example of this is demon-
strated in [84], which creates bending deformation to establish the motion of a snake (Figure
2.17(a)). It comprises four bidirectional fluidic elastomer actuators (FEAs), composed in a
series, to create segments that autonomously undulate, similar to its biological counterpart.
The expansion of embedded fluidic channels due to pressure input as well as inextensible
thin layer sandwiched on the sides convert this axial deflection to a bidirectional out-of-
plane bending motion and creates overall deformation of the actuator. Another example is
the system in [85], and it is shown in Figure 2.17(b). This tetrapod is based on PneuNets,
similar to the system in [79] described earlier. The PneuNets bending motion is tuned
via orientation, size of each chamber as well as number of the parallel chambers to achieve
the desired bending curvature. Each leg of this tetrapod is controlled independently. This
robot can lift any one of its four legs off the ground and leave the other three legs planted to
provide stability (three is the minimum number of legs necessary to provide stability for a
passive load). Cycle of pressurisation and depressurisation within the leg drives the robots
to create motion such as undulation and crawling. The system in [86] (Figure 2.17(c))
is not fully soft however, it demonstrate the use of soft manipulator as a legged structure
for stable and dynamic walking motion. Each leg of this quadruped system is made up of
three variable length PMAs that are mechanically constrained together by a nylon sheath.
All three PMAs are bundled together with wire ties and polyethylene spiral bindings for a
more uniform actuation. The use of three PMAs allows for asymmetric bending.
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Flowing
Flowing of soft material, which is achieved using smart fluid and granular materials, such as
plastics, magnetic powder, or coffee beans, is shown in Figure 2.18. Flowing of materials has
mostly been used to grip solid objects with irregular contours based on shape conformation.
It can also be used as a stiffness regulation or shape locking mechanism of a soft actuator.
The forces that cause the soft matter to flow are contact forces during physical interaction
with the object and the gravitational forces of the soft matter itself. Grippers that rely on
this actuation behaviour need some kind of encapsulation for fluids or granular materials to
be contained, and usually, the encapsulation is made from elastomers with a low modulus.
Figure 2.18: : Flowing of granular material (a) used to construct a universal gripper [87] or (b)
used as a shape locking mechanism for soft continuum actuator [88] (b).
Another interesting and important feature is that all the systems based on this mode of
deformation need phase transition of fluids or granular materials into a rigid solid after
flowing so that the shape can be maintained and sufficient forces/stiffness can be provided.
Phase transition back to fluids or granular materials is needed to release an object or to
'unlock’ the shape of the manipulator. Depending on the soft matter used, the method to
achieve phase transition varies. For smart fluids, electrical current or a magnetic field is
needed, and for granular materials, air pump is used. As this review only covers pneumatic
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actuation, only granular materials are discussed hereafter in this report. The material
is capable of transitioning from being flexible, or in an unjammed state, to being rigid
(jammed state) when pulled under vacuum. Example of a system based on flowing of
granular particles is shown in Figure 2.18. Figure 2.18(a) is a universal gripper based
on the principle of particle jamming. By using the combination of positive and negative
pressure, the gripper can rapidly grip and release a wide range of objects that are typically
challenging for universal grippers, such as flat objects, soft objects, or objects with complex
geometries. The gripper passively conforms to the shape of the target object, then vacuum
hardens to grip it rigidly, later utilising positive pressure to reverse this transition, releasing
the object and returning to a deformable state. The system described in [88] uses particle
jamming technique to achieve variable stiffness along the length of the soft manipulator
for a more accurate position control. This robot consists of multi-segments, which are
independently actuated; therefore, it is capable of 'locking’ arbitrary segment depending
on the task to be executed. Figure 2.18(b) illustrates a soft manipulator maintaining its
shape and position as the particle is in a jammed state. For both of these actuators, coffee
powder is used as the jamming particle.
All of the prototypes are application specific and the design is tuned to carry out a specific
task. The main idea from all these systems'review is to learn from the design itself in order
to produce the best manipulator specific to the application of interest in this study. Based on
this review, it was apparent that payload capacities can be adjusted in several ways, such as
by using tougher materials and optimizing the size of the manipulator. Simple modifications
such as layering two different materials or reinforcing fibre within the manipulator can
improve its performance in terms of strength and robustness. These points are considered
in designing the flexible uterine manipulator.
2.3.2 Control Obstacle
Despite the diversity of successful prototypes presented in the previous section, the control
of soft continuum robots is still at a premature stage with so many research challenges to
be addressed.
A particularly challenging area involves deriving and practically validating dynamic models
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of continuum robots in real-time implementation. Unlike rigid robots, the movement of soft
continuum robots offers infinite DOF as they can bend, stretch, twist, compress and so on.
This makes the modelling and consequently control of soft robots very challenging. Thus
far, there is no generalised method for formulating the dynamics of soft continuum robots,
except for PAM. The dynamics of PAMs are well studied; however, it is not practical to
other types of soft continuum robots as PAMs only have linear contracting motion. Other
soft robots combined several deformation behaviour in its actuations making it difficult
to capture its dynamic. Efficient implementation of dynamic models for various kinds of
continuum robots is an open and active area of research. As an alternative, researchers
employ static models such as those based on approximated geometric relations like the
piecewise constant curvature [89], [90], [91], or Euler Bernoulli bending model [92], [93].
Static modelling has been successfully applied to a wide variety of soft continuum robots.
However, it can only be applied to a limited range of applications. Static model does not
account for physical phenomena common to soft robots such as the high compliance of
the manipulator, self-loading effect of gravity and actuation limit. Exploiting the actual
capabilities of a soft continuum robot for accurate positioning and mechanical performance,
requires a comprehensive and accurate dynamic model of the system. A more thorough
review on the modelling and control of soft robots will be presented in the subsequent
chapters according to the subject covered.
Another major challenge in the development of control design for soft continuum robots is
finding suitable force or tactile sensor. Traditional encoders are not sufficient in providing
feedback on the shape of the robot as it is continuously deformed due to its infinite DOF. Al-
though flexible-bending sensors based on piezoelectric polymers are available as commercial
products, these may not be appropriate owing to the need for all elements of the system to
be stretchable. Furthermore, unlike rigid robots, soft robots are very lightweight and small,
therefore it requires a sensor that is very delicate yet robust enough for the robot to be
able to operate in enclosed and confined spaces. These sensors are expected to have a high
degree of conformity to external forces while still giving as much deformation information.
Advancement in sensor design is much needed especially for motion planning and obstacle
avoidance for soft continuum robots. To date, the only force sensor that is suitable for the
application of soft robots is presented in [94] and [95], which are developed as part of the
31
STIFF-FLOP project mentioned earlier. This force sensor is small and lightweight, suitable
for mounting in between modules or use at the tip for a force feedback control. However, it
is still made of rigid parts, which interfere with the soft nature of the robots.
2.4 Chapter Summary
Based on the extensive review on uterine manipulators, it is clear that the readily available
designs of rigid uterine manipulators have limited capability for manoeuvring in confined
spaces without applying excessive contact pressure on biological tissues. Manual manipula-
tion of the uterus by an assistant results in fatigue and tiredness during prolonged surgery
and miscommunication is often an issue. Furthermore, the current robot-assisted uterine
manipulator researches are still based on rigid material design, and therefore pose similar
issues as the devices that are currently available in the market.
The review on flexible surgical instrument proves that the introduction of flexible mechanism
is capable of improving manoeuvrability of a device. However, due to the use of rigid-link
components, the flexibility of the developed instruments is still limited and the contact
forces exerted are high, which will cause perforation and discomfort to the patient. The
DOF of these flexible instruments are provided by gears and motors which complicate
the assembly and use of the device. This chapter has presented a wealth of literature on
successful soft continuum robot prototypes, all of which are based on its own application
of interest. Its high power-to-weight ratio, fast actuation and readily available materials
make them attractive candidates in providing the desired flexibility and performance of an
excellent uterine manipulator. As revealed by the literature review, little focus has been
given in modelling the dynamic behaviour of this type of manipulator which limits its full
potential. To accomplish the objectives of this research, a more in-depth investigation on the
dynamic behaviour of soft manipulators is required, in order to conduct a proof-of-concept
study using a functional prototype of flexible uterine manipulator that can be controlled in
real-time.
Overall, the literature review confirms the motivation and novelty of this study as presented
in Chapter 1. The clinical demand for a robot assisted flexible uterine manipulator requires
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solving some of the challenges in modelling and controlling of soft continnum robots. The
novel concept of the flexible uterine manipulator, and methods used to characterise and
design it are presented in Chapter 3.
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Chapter 3
Design Requirements of Soft
Silicone Manipulator
Having identified the niche clinical need for a new design of uterine manipulator and the
gaps in areas like the modelling and control of soft continuum manipulators, this chapter
presents the novel design of a flexible uterine manipulator based on an octopus inspired soft
robotic mechanism. This chapter introduces the conceptual design of the uterine elevator
and identifies the technical and clinical requirements for the soft silicone manipulator used
in this study as well as its optimization process to produce a manipulator that meet all
the outlined requirements. This chapter specifically focuses on the detailed design issues
faced during the optimization of several prototypes of the soft manipulator. The work in
this chapter are mostly in collaboration with various project partners as declared at the
beginning of this thesis. The technical input based on the optimization process is compared
and combined with the clinical input by clinicians and gynaecologists to finally produce
three different designs of soft silicone manipulator suitable for the application of the uterine
elevator.
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3.1 Flexible Soft Robotic Uterine Manipulator - The GEN-
TLER
3.1.1 Envisage Concept
Conventional laparoscopic and robot assisted laparoscopy used in minimally invasive fe-
male pelvic surgery rely heavily on rigid uterine manipulators for manipulating and (re-
)positioning of the uterus to provide good visualisation and access to the remote incision
site. Commercially available hand-held and voice controlled uterine manipulators are based
on rigid components that are not designed to interact with biological tissues. Such systems
also lack attributes like flexibility, intelligence, force sensing or ease of adaptability. On the
other hand, the type of soft manipulator introduced in this chapter is able to provide the
necessary flexibility for excellent manoeuvrability of the uterus and at the same time can
actively and safely interact with the soft biological surrounding. Thus, the design of the
soft manipulator addressed here fits the necessary clinical design requirements.
(a) (b)
Figure 3.1: (a) Envisaged concept of GENTLER (b) GENTLER positioned inside the vaginal wall
and uterus
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The envisaged concept of the new soft and flexible uterine manipulator- GENTLER, based
on a two cup designs is shown in Figure 3.1. The cup mounted at the most distal part of the
manipulator is designed to fit around the cervical canal to provide the presentation of vaginal
fornices, thus assisting the surgeon to identify the point of incision. This eliminates the
difficulties pertaining to vaginal access posed by some of the existing uterine manipulators.
This feature is also vital in the sense that it will result in lesser blood loss and greater
efficacy. The function of second cup is to maintain pneumoperitoneum and ensures the air
is sealed tight within the abdominal cavity. This is very important because as soon as the
incision is made, CO2 gas inserted at the beginning of surgery will otherwise begin to leak
rapidly. It is crucial to maintain this gas in the abdominal cavity for the entire procedure
to be carried out safely.
The core actuation mechanism of GENTLER is the soft silicone manipulator itself. This
lightweight manipulator is expected to support its own weight(weight of the rod and cups
that are mounted at the distal end of the manipulator), and at the same time must be able
to manipulate the uterus. The silicone-based manipulator is soft, and is capable of elon-
gating and bending in the sagittal and lateral planes. Furthermore, it can gently squeeze
into narrow openings, such as the uterine cavity, and offers controllable stiffness. Selective
and controllable stiffness is expected to offer increased manoeuvrability and disturbance
rejection capabilities for accurate positioning of the uterus and would allow tuning its com-
pliance in response to the force exerted on to its surroundings, hence avoiding damage to
the tissue wall. This controllable stiffness also ensures adaptability and better load handling
of various sizes and weight of the uterus. Several soft manipulator designs were explored
and they are introduced later in this chapter.
The uterus is a pear-shaped female reproductive organ typically weighing 30 - 40 g and is
stabilized by various ligaments [96]. As have been addressed in Section 2.1, one of the biggest
inadequacy of the current uterine manipulator design is in providing adequate movement
range to obtain good exposure of these surrounding ligaments and nearby organs. Adequate
anterior-posterior movement is important to get a good view of of both the anterior wall and
vesico-uterine fold as well as the posterior wall and the utero-sacral ligaments, while lateral
movements allow the exposure of the infundibulo-pelvic ligaments, utero-ovarian ligaments,
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and the anterior and posterior leaves of the broad ligament (Refer to Appendix A.1 for the
anatomy of the uterus). Therefore, the aim of the prototype is to provide the desired range
for both anterior-posterior and lateral movements whilst manipulating a load up to 40 g at
its distal tip.
The GENTLER will be remotely controlled, thus compatible with the current technological
advancement in the robotic surgery. Through this remote manipulation of GENTLER,
surgeons will be able to position and hold the uterus in any desired position and orientation
from an operating console without the need for assistance, thus eliminating the issue of
fatigue and miscommunication.
3.1.2 Design of the Experimental Platform
Sensor Suite for GENTLER
GENTLER is equipped with position sensor and force sensor for the measurement of posi-
tion and interaction forces, respectively. Two design criteria considered were the weight/size
and the ease of assembly and handling. For position sensing, the NDI Aurora electromag-
netic tracking sensor was considered due to several reasons. Aurora has been proven to
show stable performance in the presence of surgical instruments [97]. It employs AC field
tracking technology, which is believed to be superior to the DC systems since it is insensitive
to the Earth’s magnetic field. The existence of unexpected metal inside the field will only
introduce a static disturbance into the tracking volume, which does not affect the distri-
bution of the AC magnetic field, and therefore can be easily distinguished. This feature is
advantageous considering the fact that the surgical environment is usually complicated with
lots of unexpected disturbances [98]. Apart from the stable performance, Aurora sensor is
lightweight, small in size with a diameter of only 0.9 mm, and can be easily mounted onto
the uterine manipulator. It is the smallest sensor coil that allows for creation of tools ideal
for in-vivo applications with stated accuracy of 0.5 mm [99]. Apart from the NDI Aurora
sensor, Vicon motion tracking system was also used to track the position of the soft ma-
nipulator, especially during the characterisation and modelling stage of the research. Data
from the Vicon system was used as a benchmark for the Aurora sensor, before moving on
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(a)
(b)
Figure 3.2: Sensory apparatus: (a) NDI Aurora electromagnetic sensor, (b) force sensor by Noh et
al. [94].
to solely using the Aurora sensor for the final prototype.
Force sensor is crucial to measure the interaction between the manipulator and its surround-
ing. It allows the operator to perform force control and variable stiffness control whilst the
manipulator interacts with the operating environment. However, selecting a force sensor is
a challenging task as there are no commercially available force sensors in the market suitable
for GENLTER. In fact, none of the soft robot/manipulator systems presented in Sec. 2.3
are equipped with force sensors, either within or outside of their structure. Therefore, the
3-axis force sensor by Noh. et al. [94, 95] was chosen for GENTLER. This force sensor is not
commercially available yet and research is still undergoing to further optimise its design and
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performance. Nevertheless, even at this stage of development, this sensor is the best option
for the proposed uterine manipulator design because it is light weight and can easily be
integrated within the structure of GENTLER. It also employs optical fibre technology and
is therefore insusceptible against magnetic and electrical fields, thus eliminating possible
damage to the patients due to electric currents. This sensor is capable of measuring three
components of external force and moments including Fz, Mx and My in order to determine
relevant interactions with the environment.
Additionally, GENTLER is also equipped with three pressure sensors, one for each pneu-
matic channel, to continuously monitor the pressure level within the chamber. The pressure
sensor used in this study is the PSE54 small pneumatic sensor by SMCr.
Software Framework
An overview of the software-hardware architecture is shown in Figure 3.3. The software
framework used for coding and real-time implementation of GENTLER was developed using
the open source Robot Operating System (ROS) platform. ROS provides the libraries to
create any robotic platform and allows easy integration of wide range of tools including
visualization and sensor data. ROS was selected mainly due to its inter-platform operability
and the modular design structure. The modular design structure eased the process of project
integration among all the partners involved in this research. The ROS message-passing
between processes allows different components and subsystems that are probably running
in different languages to work together. This allows different groups to collaborate and build
upon each other’s work independently. The soft manipulator prototypes is interfaced with
ROS using RoNeX board from the Shadow Robot Company [100]. The software is executed
in a 1kHz loop extracting signals from the different sensors and publishes commands from its
state control algorithm to the relevant actuators. Five nodes are defined to execute different
tasks. Each node operates independently, subscribing/publishing information from/to other
nodes. The Sf StateController node continuously extracts and processes raw data from all
the sensors that goes into the input pins of the RoNeX board and publishes them into an
easy to interpret message. The Sf PressureController node controls the different valves
connected to the RoNeX board given a pressure target. The pressure target is obtained
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based on data from inverse model, dynamic model and/or robust controller node depending
on the stages of the testing (experimental validation, control experiment etc.). The output
from the RoNeX pin is a binary signal to control these valves. The Inverse model node
(Sf InvModel) deduces the configuration of the soft manipulator and sends the appropriate
target pressure to Sf PressureController, given the desired position. The prediction of the
current configuration of the soft manipulator is computed by the SF DynModel node. This
node then processes the current state of the controller, published by the Sf StateController,
and transmits it to the Sf InvModel to calculate the target pressure. All of these Sf
Component gather the elements in order to provide the location and configuration of the
soft manipulator. It provides the desired and current positions, bending and orientation
angles as well as the appropriate target pressure. A separate node is created and connected
to the Sf Component for control purposes. The Robust controller node is integrated into
the system, which fuses the data from different Sf Component to achieve an optimal control
performance.
As shown in the software-hardware architecture in Figure 3.3, the blue coloured boxes are
the nodes within the ROS environment and the orange boxes are the relevant hardware
components that provide data to the corresponding nodes. Currently, the desired tip pose
is supplied by a joystick. Given the modularity provided by the ROS framework and the
hardware design, this joystick can be replaced with any interface console, 3D mouse or even
a described path supply by a new node within the software architecture. Similarly, all the
hardware components can be reconfigured to integrate other sensors and robotic platforms
due to the modularity in the design.
3.1.3 Experimental Testbed
Figure 3.4 shows the schematic of the experimental platform, and Figure 3.6 shows the
hardware setup of the experimental platform with real-time capability in collecting the
required data for this study. The system characterisation, modelling and the control design
relied on this platform. The RoNeX II [100] board by Shadow Robot was used as the
central platform interface between the host PC and hardware components. The system
was constantly supplied with stable 1.5 bar compressed air. Each of the actuation chamber
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Figure 3.3: Overview of the software architecture
Figure 3.4: Schematics of the actuation and sensory system
is connected to a pressure sensor and a pair of two-way solenoid valves, which work as a
unit to inject and dispense pressure within the chambers. Therefore, a total of six valves
were used for the three actuation chambers and controlled by binary signals from the ROS
environment. Control of the opening and closing of the solenoid valves determined the
amount of air injected and dispensed out of the actuating chamber and, consequently,
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Figure 3.5: GENTLER hardware platform (a) the experimental setup and (b) the close-up of the
hardware components
determined the actuation pressure acting upon each pneumatic chamber. These pressures
controlled the elongation and bending of the soft manipulator. The level of gas pressure
entering the actuating chamber was recorded using a pressure transducer connected at the
air inlet of each chamber. Aurora electromagnetic tracking system was used to capture and
analyse the bending and elongation of the tube at each level of actuating pressure. The
vacuum regulator is connected to a vacuum chamber and was used to induce jamming for
the prototype with stiffening chamber.
The soft robotic tube was actuated by controlling the pressure level in the actuating cham-
bers. Once pressure commands were received from the middle or high level control pro-
gramme in ROS, the pressure controller drove the valves of each chamber to stabilize its
pressure at the requested value. Air was maintained by opening both the inlet and outlet
valves, creating a closed environment when the pressure is within a specified range. This
range was monitored by the pressure sensor attached to each pneumatic channel.
In this study, an industrial MELFA RV-1A robotic arm was also employed, mainly to sys-
tematically exert external forces in a pre-determined direction onto the soft manipulator
for stiffness characterisation as well as verifying the robustness of the control system. This
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Figure 3.6: MELFA RV-1A is utilized to exert forces onto the soft manipulator
rigid-linked arm contains six revolute joints each with different motion range limits, enabling
it to accurately position its end-effector at any pose in a workspace of approximately 0.1
m3 of volume. Real-time feedback of the end-effector's six-dimensional poses in joint coor-
dinates was obtained from the servomotor absolute angular encoders through an Ethernet
connection between the robotic arm's controller box and the computer terminal running the
experiments. The inverse kinematics model of MELFA RV-1A arm was applied to control
the position in the Cartesian workspace reference frame, using the ROS framework and
MoveIt mobile manipulation package [101]. In addition, an OptoForceTM sensor [102] was
attached to the end-effector of the MELFA robot arm, which provided real-time measure-
ments of the normal force applied by it. These readings were acquired via-USB through
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the computer terminal and used for active through-the-arm force control, controlling the
normal force applied by correcting the position of the end-effector along its x -axis.
3.2 Manipulator Specification
The overall GENTLER concept and design is aimed to meet specific requirements extracted
from the currently available product and current practice, as well as from discussions with
a team of gynaecologists from the Royal Surrey County Hospital (RSCH), Guildford. The
GENTLER main actuation mechanism, the soft silicone manipulator, is derived based on
the design of STIFFness controllable Flexible and Learn-able Manipulator for surgical Op-
erations (STIFF-FLOP) manipulator [103], a project here in University of Surrey that is
concurrent with the development of GENTLER. STIFF-FLOP manipulator is adopted be-
cause the technical requirement set for GENTLER is similar to that of STIFF-FLOP. On
the base of the limitations underlined on the currently available uterine elevator used in
surgery and on the desired characteristics from a clinician perspective, the medical and
technical specifications of the manipulator have been derived. The medical requirement is
specific to gentler application on uterine elevator however, the technical requirement will
be discussed from both GENTLER and STIFF-FLOP point of view.
3.2.1 Medical requirement
In a clinical setting perspective, the GENTLER manipulator should meet the following
requirements, allowing to perform at par as the designs that is currently in the market at
the same time, overcome the main overall limitations of the current available design:
 Must be able to achieve at least 90o anterior and 40o posterior motion
 Must be able to achieve at least 45o lateral motion
 Allow the usage or exchange of multiple cup size and tip size
 Have remote and automated control
 Main actuation mechanism that is soft to provide patient comfort and safety
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 Able to handle and manipulate up to 40 gm load at the distal tip
 Stable and can withstand external perturbation from other surgical instruments
The cup size, tip size and the overall length of the manipulator follows the standard uterine
elevator available in the market as it was designed based on the anatomy of uterus. The
length and size of the main actuation mechanism (soft manipulator) depend on the technical
requirement set for the manipulator.
3.2.2 Techical requirement
The characteristics qualitatively described in the previous section have to be translated into
technical specifications in order to guide the design process. The technical requirement that
has been set for the GENTLER manipulator is as follows:
 Pneumatically actuated chambers using relatively low actuation pressure, within the
safe operating range for the human body
 Bending angle of 90o or more in all directions, for a single module
 Elongation of up to 40% or more
 Able to squeeze through narrow openings
 Capable of controllable stiffness
The technical requirement addressed for GENTLER is similar to that of STFF-FLOP.
Therefore, the GENTLER project will adapt the STIFF-FLOP's soft manipulator design
as its main actuation mechanism. STIFF-FLOP aims at developing a highly dexterous
soft robotic arm compatible with the modern laparoscopic and robot-assisted surgical sys-
tem. The aim of STIFF-FLOP is to develop the manipulator with controlled stiffness and
with the ability to squeeze through narrow gaps and openings, thus leading to increased
safety especially when in contact with human tissues, inventing a flexible robots for surgi-
cal applications. These features are exactly the same desired characteristics envisioned for
GENTLER.
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3.3 Optimisation of Soft Manipulator
This section summarizes the design optimisation process in deriving the final dimension
and geometry of the soft silicone module used in this project. The different prototypes
produced based on these studies are to be further tested (Chapter 4). These studies is a
joint effort between partners of STIFF-FLOP project namely Unviersity of Surrey, Scuola
Superiore Sant'Anna, Italy (SSSA) and Industrial Research Institute for Automation and
Measurements, Poland (PIAP).
To achieve the requirements addressed in the previous section, all aspects of the design is
considered and will be explained within the scope of the following element:
 Module's material study
 Module's geometric optimization
 Method of minimizing module's radial expansion
3.3.1 Material Study
Two grades of silicone were considered for the fabrication of the silicone actuator, which are
Ecoflex 0030 and 0050. Both materials guarantee the right level of softness when deformed
passively and it is suitable to host internal chambers that can be used to modulate the
characteristics and the behaviour of the module. The numbering code refers to the material's
shore hardness. Two types of physical testing were conducted on both modules which
are the mechanical strength test as well as pneumatic actuation test. For the mechanical
strength test, uniaxial tensile test was conducted on both module using Instron tensile
testing machine, at 300 mm/min crosshead speed. For the pneumatic test, both module
were subjected to pneumatic actuation of one chamber only under different pressure up to
the maximum operating pressure of both types of silicone. The experimental data from
the physical tests is used to characterise their tensile response as well as to obtain the best
material model that can represents the module behavior. The data is also compared and
validated with the finite element analysis (FEA) predictions. Detail description of the tests
and the parameters that were used and tested can be found in [104].
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Figure 3.7: FEA stress distribution for both (a) Ecoflex 0030 and (b) Ecoflex 0050 [104]
Based on these studies, it was found that modules from different grade of silicone of different
hardness achieved similar deformed shape for the same bending angle but the softer Ecoflex
0030 module require about 1/3 of driving pressure of Ecoflex 0050 [104] to realize the same
extent of bending. The generated stress distribution from the FEA (Figure 3.7) shows that
Ecoflex 0050 reaches a von Mises stress of 5MPa for driving pressure of 0.26 bar while
Ecoflex 0030 reaches much lower von Mises stress, which means Ecoflex 0050 is stiffer when
actuated at its maximum reported pressure. The maximum force that can be exerted by
the tip of the module was also estimated for both types of silicone module by determining
the force on an obstacle design within the FEA when the module is bent at 180o angle.
A maximum force of 0.6 N and 1.5 N was estimated on the obstacle for the Ecoflex 0030
and 0050 modules, respectively. The higher contact force of the Ecoflex 0050 is contributed
by the higher bending angle to achieve same angle as the Ecoflex 0030. At the maximum
reported pressure of 0.32 bar, the force exertion is estimated to be 4.6 N for Ecoflex 0050
while the maximum force exerted for Ecoflex 0030 is 2.4 N at its maximum pressure. Based
on these results, the silicone Ecoflex 0050 was used in designing the final prototype of
3.3.2 Geometric Optimisation of Silicone Module
As the STIFF-FLOP manipulator is aimed to be used in the laparoscopic and/or robotic
surgery, it should be able to go through the standard 20 mm trocar, hence, the manipulator
can be employed for umbilical single port surgery, NOTES surgery [35] and single access
surgery. The approach taken in this project is to first optimized the construction techniques
47
and geometrical design and understanding the behaviour of the material used in the design.
Therefore, the consortium agree on starting the design process with the diameter bigger
than the standard trocar size. Once all the design parameter is optimized, the focus will be
on the minimization of the module. In optimizing the design of the module, the starting
geometry of the module was 25 mm outer diameter and 65 mm length, 55 mm chamber
length, 3.7 mm chamber radius and 1.5 mm distance between the chamber wall and the
outer module surface. This initial length is chosen based on moment of inertia (level of
force that has to be applied in order to set the object or keep the object, in motion about a
defined axis of rotation) of the manipulator and the desired bending to be achieved.
Three studies were conducted to optimized the design and geometry of the module:
 To study the effect of the distance between the pneumatically pressurised chamber
and the module's outer surface.
 To study the optimum length of the pneumatic chamber with respect to the overall
length of the module
 To study different chamber design which can minimize the radial expansion of the
The approach for all three studies is to employ FEA parametric study incorporating the
Yeoh's polynomial model obtained from the material mechanical tests data.
Figure 3.8 illustrates the effect of the distance between the pneumatically pressurised cham-
ber and the module's outer surface on the pressure required to reach 90o bending. Also
shown in this figure is the associated radial expansion or the ballooning area of the chamber
as it was pressurized. Based on this figure, as the distance decreases, the pressure required
to bend the module to 90o also decreases in a linear manner while the radial expansion and
associated balloon area are almost constant. Consequently, a ratio of chamber wall-module
wall distance/module diameter of 0.04 seems to be the optimum as in Figure 3.8, translating
to 1 mm chamber wall-module wall distance for a 25 mm diameter module. However, given
the residual deformation and balloon surface thinning repetitively actuated experimental
modules leading to early balloon bursting, 1.5 mm chamber wall module wall distance was
used, translated into a ratio of this distance to module diameter of 0.06 which still corre-
sponds to a relatively low required one-chamber actuation pressure of 0.08 bar as seen in
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Figure 3.8: Pressure required to achieve 90o bending and balloon projected area as the ratio between
chamber-module distance to module diameter increases [104]
Figure 3.8 [104]
Figure 3.9 [104] illustrates the effect of changing the ratio between chamber length to overall
module length to the pressure it takes to bend the module to 90o as well as the effect of
the ballooning area due to pressurization. The ratio used was in the range between 0.6 to
0.95 corresponding to a chamber balloon under actuation that it is a fraction of the total
module length up to the case when it almost spans across the whole module length. Based
on this test, it can be seen that the pressure required for 90o module bending decreases
linearly as the ratio of chamber length/module length is increased. This is accompanied
by a reduction of the radial module expansion for chamber length/module length ratios
between 0.6 and 0.8; further increase of this ratio above 0.8 seems to have little effect
on the balloon area. From these findings it can be concluded that the actuating chamber's
length should not be less than 80% of the module's length for the minimum radial expansion,
with reduced actuation pressure required to achieve the desired bending. A 45/55 = 0.82
chamber length/module length has been used for the standard 55 mm module for a shorter
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Figure 3.9: Pressure required to achieve 90o bending and balloon projected area as the ratio between
chamber length to module length increases [104].
module, or 55/65 = 0.85 chamber length/module length for a longer module, allowing for
5 mm length at the module ends to be able to secure the module easily in a holder during
the tests.
The third test was to consider different chamber design, where the cross-sectional area of
the chamber was varied with respect to the module cross-sectional area for each type of
chamber cross-sectional area design. There were four design that was considered, as shown
in Figure 3.10. Two parameters were observed as the ratio between cross-sectional area
of the chamber to module cross-sectional area is increased, for all four designs. First is
the effect on the pressure required to achieve 90o bending, under one chamber actuation.
This relationship as well as the comparison among all four designs is as shown in Figure
3.11. Secondly is to study the effect on the radial expansion (ballooning effect) as this ratio
is varied. The relationship and the comparison of the ballooning effect, among the four
designs is as shown in Figure 3.12.
For all chamber designs, the ratio of chamber cross-sectional area to module cross-sectional
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Figure 3.10: Four different actuation chamber designs, (a) circle, (b) half-circle, (c) circular sector
and (d) ring sector [104]
Figure 3.11: Pressure required to achieve 90o bending as the ratio between chamber to module cross-
sectional area increases for all four chamber designs [104].
area has an inverse linear relationship (approximately) with the pressure required to realize
90o module bending under one chamber actuation. The ring sector and circular sector
design require lower pressure actuation to achieve 90o bending compared to the half-circle
and circle design. The ballooning cross-sectional area for circular, semi-circular and circle
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Figure 3.12: Ballooning cross-sectional area as the ratio between chamber to module cross-sectional
area increases for all four chamber designs [104].
sector chamber increased as the ratio of chamber to module cross-section increases. This
increase of the ballooning effect in these three designs is due to the increased surface area
of the chamber wall near the outer surface of the module in these types of chambers as the
chamber cross-sectional area is increased, offering a larger proportion of thin chamber wall
for expansion under pressure. This however is not the case for the ring sector chamber cross-
section geometry as an increase in the chamber's cross-sectional area results in a decrease
of the resulted balloon projected area up to a lower plateau. The reason for this may be
attributed to the two almost parallel circumferential sides of the ring sector cross-sectional
geometry of the pneumatic chambers which does not create any effect of increased outer
circumferential chamber area when the chamber cross-section area is increased.
Based on Figure 3.11, the optimum design in terms of the least pneumatic actuation pressure
required to achieve a 90o module bend with the smallest proportion of chamber area is
that with the ring sector chamber cross-section where for a small chamber to module cross-
sectional area ratio of 0.032 this bending is achieved under 0.065 bar one-chamber actuation.
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Similar actuation pressures would achieve 90o module bending for larger chamber to module
cross-sectional area ratios, namely a ratio of 0.053, 0.077 and 0.13 for the circular sector,
semi-circular and circular chamber cross-section designs, respectively. Smaller proportion
of chamber cross-section in the module cross-section means that the core of the module can
be used for other instruments in the medical robot arm, for example.
The advantage of the ring sector shaped chamber cross-section design in terms of required
actuation pressure is hindered by the disadvantage this chamber design has in terms of
radial expansion, where, as is shown in Figure 3.12, the ring sector chamber cross-section
design is associated with the largest extent of ballooning for all examined chamber: module
cross-section ratios when compared to all the other chamber designs. The smallest bal-
loon projection area is achieved when using the semi-circular chamber cross-section design
with a chamber: module cross-sectional area ratio of 0.04, which corresponds to a required
pressure of 0.08 bar for 90o bend under one chamber actuation. In general, the pressures
used to actuate the module are quite low and within the ranges of medical standards when
compared to standard techniques such as for tourniquets in orthopaedic surgery which use
pressures around 0.4 bar, hence the effect on the actuation pressure within the range of
these parametric studies (up to 0.09 bar) is given the lowest priority in the optimization
process. The highest priority is set to minimise ballooning of the module while maintain-
ing the required extent of bending under one chamber actuation. Using this criterion,
the semi-circular chamber cross-section geometry has been selected with chamber: mod-
ule cross-sectional area ratio between 0.04 and 0.065 (with the higher ratio included to
facilitate manufacturing). For greater chamber: module cross-sectional area ratios the cir-
cular chamber cross-section geometry could be chosen as the optimum design (Figure 3.12)
[104].
3.3.3 Minimization of Radial Expansion
As previously discussed, the use of elastomeric material in designing a pneumatically ma-
nipulator caused a sizeable radial expansion of the chamber wall, forming a balloon, which
have a risk of bursting under the actuation gas pressure. Even if the balloon does not burst,
this ballooning may cause interference with adjacent chamber, obstruction to the field of
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Figure 3.13: The four types of fabricated and tested crimped, braided, tubular sleeves and the values
of their crimp parameters [105].
view as well as inefficient bending.
Two approaches were investigated, concurrently, to solve this ballooning effect as be-
low:
 enclosing the elastomeric actuator with an outer braided sleeve that restrict the out-
ward radial expansion investigation done by University of Surrey in collaboration
with Scuola Superiore Sant'Anna, Italy (SSSA) [105]
 constraining the individual chamber with helical nylon thread investigation done by
Industrial Research Institute for Automation and Measurements, Poland (PIAP) [106]
For the first approach, the solution proposed in STIFF-FLOP is to use an accordion shaped,
braided sleeve surrounding a soft silicone, so that the sleeve will still allow multi-directional
actuation and bending while constraining radial balloon-type of expansion of the pneu-
matic channel in the silicone module. four different type of braided sleeves constructed
from two different materials were tested, as shown in Figure 3.13. The two fibre materials
are polyethylene terephthalate (PET), used regularly in vascular graft, and nylon, com-
monly used in medical sutures. Further discussion on the materials as well as the crimping
procedure can be found in [105].
54
The four different braided sleeves undergo scratching test to detect the macro and micro
modification of the surface of abdominal organ after perpendicular scratching stiff surfaces
covered by the different samples of tested sleeves. The testing of the crimped braided
sleeves for organ damage in scratching tests is considered an important criterion for the
sleeve selection and it was thought that it needs to be performed in in vivo environment
rather than any artificial environment of synthetic materials. The test was conducted using
50 kg domestic pigs and the organs that were considered are stomach, liver, spleen and
bowel. The test protocol was approved by the Local Ethical Committee and the tests were
performed at the AIMS Academy in Milan, Italy.
The test involved scratching the crimped braided sleeve over the surface of each of the
previously listed organs by pressing the load cell and gliding the sleeve over the organ
perpendicularly at different pressures, i.e. 2N, 3N and 5N, representing typical force levels
experienced during surgical navigation and manipulation. The sleeves were moved under
pressure on the tissue in both axial sleeve direction (crimps perpendicular to the direction of
arm movement) and transverse direction (crimps parallel to the direction of arm movement)
with the aim of simulating any possible realistic interaction between the robot arm and the
vital organs. The results of this test is based on feedbacks of four members of the surgical
team, personally observing and recording the macroscopic and microscopic results as no
clear objective evaluation could be conducted by microscopic histology examination.
Figure 3.14 illustrates different effects: spot bleeding of liver surface (Figure 3.14(a)), spot
bleeding and diffuse bleeding on the spleen surface (Figure 3.14(b)), superficial tears and
diffuse erythema on the stomach surface (Figure 3.14(c)). Medical tests showed that the
crimped BraidNylon sleeve does not cause any visible damage when sliding under a force
of 2-5 N over any of the examined organs, namely liver, spleen, stomach and bowel (Figure
3.15) and, hence, at this stage the sleeve can be recommended for the design of the soft
actuating arm for robotic abdominal surgery. In contrast, the BraidPET sleeve caused
problems for all organs, these problems being initiated when sliding under different levels
of force over each organ (Figure 3.15). Hence, it is recommended to exclude this BraidPET
sleeve from further development studies of the soft actuating robotic arm, with the reported
medical problems attributed to a combination of a higher roughness of the used PET braid,
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Figure 3.14: (a) Load cell pressed with 2N on the surface of the liver (left); spot bleeding on the liver
surface (right). (b) Spot bleeding on the spleen surface (left); diffuse bleeding on the spleen surface
(right). (c) Superficial tears on the stomach surface (left); diffuse erythema on the stomach surface
(right) [105].
the higher friction coefficient of PET compared to nylon, and the short crimp wavelength
of this crimped braid (2 mm from Figure 3) translating to a high frequency of crimp peaks
scratching the organ surface when sliding over it.
Microstructural braid characterisation was also conducted using optical microscopy and
image analysis. Uniaxial tensile testing of the crimped braids was conducted in an Instron
machine at 500 mm/min crosshead speed, where the crimped braid was clamped using
pneumatic force grips. With regards to the fibre material, nylon has the lowest friction
coefficient (0.25-0.28) of most polymers, certainly much lower than PET (0.4-0.5), and the
pure nylon in BraidNylon has lower friction coefficient (due to smoother surface) that the
silver-coated nylon in BraidGrayNylon.
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Figure 3.15: The four types of fabricated and tested crimped, braided, tubular sleeves and the values
of their crimp parameters [105].
Mechanical test as described in [105] was also conducted and it was found that BraidPET
and BraidNylon reach higher elongation (also translated into higher robotic arm bending
angles above 180o) than BraidGreyNylon1, due to the latter braid reaching shear locking
earlier because of its wider tows than the former two braids. Additionally, BraidNylon
requires the lowest force for deformation (up to 150% strain), much lower than the force re-
quired for the deformation of BraidPET, due to the low friction coefficient between the nylon
fibres at the cross-over points of the braid: this translates into reduced power requirement
for the actuation of the soft robotic arm with the crimped BraidNylon sleeve.
The second approach is to individually constrain the chamber by applying a tight helical
thread around the chamber, as shown in Figure 3.16. employing braiding to the individ-
ual chamber require a change in chamber geometry. Even though the study in Section
3.3.2 concluded that the optimal design in to employ the half-circle chamber design, it is
difficult to individually threaded the chamber is this design is to be used. Therefore, a
full-circle chamber cross-section design is employed. This solution also has the advantage
of simplifying the manufacturing process. The chambers are braided using a thin thread,
which is applied in a tight helix around the chamber. This pattern allows for expansion
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Figure 3.16: Pressure chambers are individually constrained with tight helix and placed within the
silicone module [106].
in longitudinal directions and hampers the radial inflation. The details of construction of
this manipulator can be found in [106]. It can be observed that the new design operates on
higher pressure values. This can possibly be explained the fact that in the current design,
the chambers are allowed to expand internally and, to some extent, externally. The increase
in the chamber cross-section causes greater force to be exert with the same value of pressure
applied.
3.3.4 Optimised Design
Based on all the studies that were carried out, the optimised design for the STIFF-FLOP
manipulator, that is adopted into the GENTLER design are as follows:
 Material: Silicone Ecoflex 0050
 Overall diameter and chamber diameter: 25 mm and 1 mm, respectively
 Overall length and chamber length: 55 mm and 45 mm, respectively
 Distance between chamber: 1.5 mm
 Two methods of constraining the radial expansion were employed. Both will be ex-
plored and further testing of both modules will be carried out in the next chapter
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3.4 Chapter Summary
In this chapter, the envisaged concept of the flexible uterine elevator designed based on
the soft continuum manipulator has been described. The design was aimed at overcoming
the engineering and clinical shortcomings of the currently available rigid uterine manipula-
tors.
Major focus of this chapter is on the studies carried out by the various contributing part-
ners of this project in deriving the optimised soft silicone manipulator. The material study
explored different types of silicone that not only can give the desired flexibility and ma-
noeuvrability, but are also reliable with high repeatability. Geometric optimisation study
focus on finding the optimised length and diameter of the module and the internal pressure
chamber, as well as the location of the pressure chamber within the silicone module. The
final study is on the method of constraining the radial expansion of the module. Based on
these studies, the initial guideline for a pneumatically driven soft silicone manipulator was
produced. The silicone module used throughout this thesis is based on the studies outlined
in this chapter.
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Chapter 4
Characterisation of a Soft Silicone
Manipulator
Based on the set of optimised soft silicone module parameters presented in the previous
chapter, three different types of manipulator are presented and further studied in this chap-
ter, which lays the foundation for future ex-vivo and in-vivo trials. Characterisation and
behavioural analysis of each prototype was performed and the results were compared to gain
practical insight into the capability of each soft manipulators and to evaluate their viabil-
ity to the proposed clinical application. Based on the trade-off study on characterisation,
recommendation for developing design methodologies for this system was made.
4.1 Soft Silicone Manipulator
To investigate the feasibility of the soft continuum manipulator in providing the desired
manoeuvrability and load handling, three designs of soft silicone manipulator were utilized.
The main component of the manipulator is an elastomeric cylinder constructed from sili-
cone EcoflexTM 0050 (Smooth-on Inc.). This material assures the right level of elasticity,
and it is suitable for accommodating internal chambers that can be used to modulate the
characteristics and behaviour of the module. All three manipulator designs comprise three
equally spaced chambers disposed at 120o apart in radial arrangement and are connected
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to the pressure line. This spatial arrangement allows the pressurized manipulator to bend
outwards upon actuation of each chamber independently, and is capable of achieving omni-
directional bending as well as elongation if all three chambers are activated simultaneously.
The key features that distinguish all three designs are the mechanism in constraining the
lateral expansion and the ballooning of silicone chambers as the manipulator is pressurized,
as well as the presence of the stiffening chamber.
4.1.1 Prototype A
Figure 4.1(a) illustrates the single module Prototype A, its CAD drawing and cross-section
design. This prototype is composed of three equally spaced semi-cylindrical chambers in
radial arrangement moulded directly into a single cylindrical unit (Figure 4.1(a)) [107].
A crimped braided sheath (similar to those used in McKibben PMA actuators reported
in Section 2.3) was used around the module to constrain the inflation of the chamber
and maximize bending under applied pressure, at the same time allowing high deformation
without affecting its flexibility. This sheath was not directly moulded onto the outer surface
of the module; instead, it was fixed at the two ends of the module with silicone. The
module has an overall length of 50 mm and the diameter of each semi-cylindrical actuating
chamber and the overall cylindrical units are 8 mm and 30 mm, respectively. The weight of
the prototype is 28 g, which includes the weight of the silicone used to mould the crimped
braided sheath onto the manipulator. The maximum pressure actuation of this prototype
is 1 bar. More details on the construction of this prototype can be found in [108].
4.1.2 Prototype B
Prototype B is more compact in structure compared to Prototype A. It comprises three full-
cylindrical actuating pressure chambers without any braided sleeve around the module as
illustrated in Figure 4.1(b). The radial expansion of the pressure chambers were constrained
by reinforcing a tightly wound nylon thread around each individual chamber to maximize
the bending and longitudinal expansion [106]. This fibre reinforced design was inspired by
several soft robots presented in Section 2.3 and have proven to be flexible and sturdy for
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(a)
(b)
(c)
Figure 4.1: Physical system, CAD design and cross-sectional area of the three prototype designs
used in this study. (a) Prototype A with outer crimped braided sheath, (b) Prototype B with fibre
reinforced chamber and (c) Prototype C with fibre reinforced chamber and in-built stiffness mechanism
(Prototypes B and C are courtesy of Przemys lowy Instytut Automatyki i Pomiaro´w (PIAP))
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various applications. In this study specifically, each pneumatic actuation channel is a fibre
reinforced silicone composite layer. It consists of a soft silicone lumina of internal radius of
1.5 mm and a wall thickness of 0.5mm, and the wall is surrounded by a reinforced silicone
with nylon fibre applied in a tight helix around the chamber to allow for longitudinal
expansion, to constrain any radial inflation and to maximize the bending upon pressure
actuation. Soft silicone then fills the module space between the reinforced channels to
mould all three pressure channels into one cylindrical unit. The length of this prototype is
52 mm, which is slightly taller than Prototype A, which is 50 mm, with an overall smaller
module diameter of 25 mm. This prototype is lightweight with a mass of 24 g. Of all the
prototypes used in this study, this prototype has the lightest weight. This prototype is
robust compared to Prototype A and can withstand an actuation pressure of up to 1.8 bar.
The detailed construction of this manipulator is presented in [106].
4.1.3 Prototype C
Prototype C was considered as an option to improve the stiffness of the soft manipula-
tor. Prototype C is similar in construction to Prototype B, which comprises three fibre
reinforced pneumatic actuation chambers, but with three additional stiffening chambers.
The three stiffening chambers were also arranged symmetrically around the centre of the
soft manipulator and were lodged in between the pressure chambers as can be seen in the
cross-sectional drawing of this prototype in Figure 4.1(c). Unlike the pressure chamber, the
construction of the in-built stiffening chamber is much simpler. It is simply a braid-less
hollow cylindrical space to host the granular material. The size of the stiffening chamber
is similar to the outer diameter of the pneumatic chamber. The granular jamming solution
is used for the stiffness modulation. The effectiveness of this strategy on soft robots has
already been demonstrated in [88],[109], [110], [111], [112] and has also been discussed in
Section 2.3.1. One of the most interesting features of this technology is that it keeps high
deformability in the unjammed state and undergoes a drastic increase in stiffness upon the
activation of jamming. In this study, coffee powder was used as the granular material and it
was directly introduced into the chamber without any membrane. Each stiffening chamber
was packed and filled with 3.5 g of coffee granules. Jamming was induced by increasing
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density in the flexible chamber as a result of the applied vacuum. By controlling the vacuum
level, the stiffness can be tuned. The length and diameter of this prototype is similar to
Prototype B and the overall weight of this prototype is 32 g. Similar to Prototype B, this
prototype can withstand a pressure up to 1.8 bar.
4.2 Workspace Analysis
In order to develop meaningful analytical and/or dynamic models of the deformable soft
manipulator, it is necessary to completely characterise and understand the physical system.
Behavioural analysis was conducted with the aim of analysing and quantifying the capabil-
ities of each manipulator design. The analysis of the workspace was carried out to identify
the reachability of the prototypes presented earlier.
To capture the characteristics of the bending dynamics, both single chamber actuation
for one directional bending case and multi-chamber actuation for omnidirectional bend-
ing/elongation cases were investigated. The pressure of the feed-in air flow was used as the
input and deflection of the tip as the manipulator deformed was the output. The base of the
module was attached to a fixed support and only the tip was deflected as the manipulator
was pressurised. The input pressure to the manipulators for one directional bending case
was varied from 0 to 1.0 bar with 0.1 bar steps. The three chamber actuation experiment
was conducted to derive the full manipulator workspace using a combination of pressure
values within all three chambers, ranging from 0 to 1.0 bar with an increment of 0.2 bar
as shown in Figure 4.2, resulting in a total amount of 180 points around the workspace for
Prototype A, and for Prototype B, the pressure range was between 0 to 1.4 bar, resulting
in a total amount of 240 points. For both single chamber and multi-chamber test, the ex-
periment was repeated 3 times to ensure consistency and precision and the average reading
from the three measurement are recorded.
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Figure 4.2: Pressure applied to Prototype A for multi-chamber actuation tests.
(a) (b)
Figure 4.3: (a) Single chamber behavioural analysis of Prototype A: (a) Trajectory of the central axis
of the module during inflation. (b) Cycle of extension and contraction yielding hysteresis pattern
4.2.1 Prototype A
Single Chamber Actuation
The manipulator was positioned such that the x -axis passed by the central of the activated
chamber and the tip was deflected to positive x -axis as the chamber is actuated. Figure
4.3(a) shows the trajectory of the central axis and the deflected tip position of the manipula-
tor when it was pressurized from 0 to 1 bar while Figure 4.4 shows the bending capability of
the actual manipulator when one of the chamber was actuated. Overall, it can be observed
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Figure 4.4: Prototype A: (a) Module at resting position, (b) to (f) pressurized at 0.2 bar, 0.4 bar,
0.6 bar, 0.8 bar and 1.0 bar, respectively
that the manipulator response was highly non-linear. At low actuation pressure (below 0.3
bar), a very small increase in bending angle was observed. This is due to the encasing of
the crimped braided sheath around the silicone chamber. This sheath was not moulded
directly onto the silicone module, creating a slight gap between the silicone module and
sheath. At low pressure values, the chamber expanded outwards without any mechanism
to assist in creating the bending. As the pressure increased, the interaction between the
silicone chamber and the braided sheath started to limit the radial expansion, thus causing
the module to bend. A significant increase in bending was observed for pressure between
0.3 to 0.8 bar. Very little deformation was achieved after 0.9 bar pressure actuation, when
the manipulator approached its deformation limits. The manipulator achieved about 90o
bending at about 0.6 bar and the maximum bending that this module could achieve was
around 170o when it was pressurised to 1.0 bar. Further pressurisation of the manipulator
would result in very little change as the manipulator would reach its limit and saturation
point. Moreover, increasing the pressure further would stretch the unprotected inner cham-
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ber beyond its limit and might damage the manipulator. Three cycles of extension and
contraction yielded results as in Figure 4.3(b). The manipulator did not follow the same
shape as it extended and contracted, resulting in a hysteresis pattern.
Three Chamber Actuation
Figure 4.5 shows the entire 3-dimensional workspace of Prototype A based on the pressure
actuation described above. Similar to the single chamber actuation for Prototype A, a
highly non-linear response was observed. The data distribution was concentrated at three
locations, and each corresponded to the dominant pressure within each chamber. The
location highlighted as 1 in Figure 4.5(a) is when chamber 1 has the dominant pressure,
2 and 3 is when chamber 2 and 3 are dominant, respectively. Compared to the single
chamber actuation, multi-chamber actuation has a greater bending angle for the same
chamber pressure level, which occurs when two chambers are actuated, consequently leading
to greater extension. However, pure elongation was not observed in this distribution even
when all three chambers had the same amount of pressure.
(a) (b)
Figure 4.5: 3D workspace of Prototype A (a) front view, (b) top view
The non-linearity and the non-existence of pure elongation was due to crosstalk between
the chambers as well as friction between the sheath and the wall of the silicone module.
Actuation of one of the chambers caused the silicone to interact with the braided sheath
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Figure 4.6: Sequential actuation of the pressure chambers of Prototype A: a) manipulator is at
rest with no pressure within the actuation chamber, b) chamber 1 is pressurised causing friction
between the silicone module and the sheath, and constricts the other chambers, c) chamber 2 is now
pressurised inefficiently due to the constrain from chamber 1 and it also results in interaction with
the external sheath, d) chamber 3 has very limited space to expand as it is pressurised.
resulting in loss of energy due to friction. Furthermore, the pressurised chamber 1 got
inflated, and constricted the expansion of the other chambers. Therefore, even when the
other chamber were pressurised to the same value as the first inflated chamber, it will not be
able to expand to the same volume, achieve the same bending or even change the orientation
of the module around the workspace. Figure 4.6 demonstrates this effect when all three
chambers were actuated sequentially rather than simultaneously. Pure elongation of the
manipulator is only achievable when all three chambers are pressurised simultaneously with
the same flowrate. Fras et al. [106] discussed this issue with regards to sensing and actuation
of soft manipulator.
4.2.2 Prototype B
Single Chamber Actuation
Figure 4.7(a) shows the trajectory of the central axis and the deflected tip position of
the manipulator when it was pressurised from 0 to 1.25 bar, and Figure 4.8 shows the
bending capability of the actual manipulator. Similar to Prototype A, the manipulator was
positioned such that the tip of the manipulator was deflected towards the positive x -axis
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(a) (b)
Figure 4.7: (a) Single chamber behavioural analysis of Prototype B: (a) Trajectory of the central axis
of the module during inflation, (b) Cycle of extension and contraction yielding hysteresis pattern
Figure 4.8: Prototype B: (a) Module at resting position, (b) to (f) Module pressurised at 0.25 bar,
0.5 bar, 0.75 bar, 1.0 bar and 1.25 bar, respectively
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as the first chamber was actuated (Figure 4.7(a)). Similar to the observation found for
Prototype A, the bending angle was negligible at pressure below 0.2 bar. The bending
angle began to increase as the chamber was pressurised from 0.2 to 1.2 bar and the rate of
increase slowed down after 1.2 bar. The pressure required for Prototype B to reach 90o was
at 1.25 bar. The resulting bending angle was lower in comparison to Prototype A. Prototype
B had to be actuated at a higher pressure to achieve similar bending angle as Prototype
A. This was due to the helical winding fiber around the pressure chamber that constrained
the deformation of the silicone wall. The hysteresis loop from the cycles of extension and
contraction of Prototype B was much smaller as can be seen in Figure 4.7(b) (compared to
Figure 4.3(b)), which revealed that the degree of non-linearity of this prototype was not as
severe as that of Prototype A.
Three Chamber Actuation
Figure 4.9 shows the distribution of the tip position and the extrapolated 3-dimensional
workspace of Prototype B when the manipulator is pressurized according to the pressure
value in Figure 4.2. The workspace had three corners, which corresponded to the activation
of two of the chambers with the same maximum pressure value (in this case, 1.4 bar). For
example, the corner labeled 1 corresponded to pressurization of chambers 2 and 3 to a 1.4
bar pressure. Pressurization of all three chambers (with different pressure values between
the chambers) resulted in a higher module extension (z -axis value) defining the overall
workspace into the shape of a hemisphere. There is a clear peak value around the central
axis, which corresponded to pure elongation when the pressures in all three chambers are
the same. The manipulator extended to 40% from its original length when each of the three
chambers were pressurised at 1.4 bar, simultaneously.
By eliminating the use of external braiding and by constraining individual chambers with
reinforced fibre, the sensitivity to changes in pressure was reduced and the achievable bend-
ing angle and chamber extension decreased. Nonetheless, each individual chamber was able
to bend efficiently to drive the manipulator across the 360o orientation, creating a wider
range of achievable workspace.
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(a) (b)
Figure 4.9: 3D workspace of Prototype B (a) front view, (b) top view
(a) (b)
Figure 4.10: Single chamber behavioural analysis of Prototype C: (a) Trajectory of the central axis
of the module during inflation, (b) Cycle of extension and contraction yielding hysteresis pattern
4.2.3 Prototype C
Single Chamber Actuation
Despite the presence of granules within the soft manipulator, the bending behaviour of
Prototype C was quite similar to Prototype B as can be seen from the trajectory of the
central axis of this prototype in Figure 4.10(a) and the bending behaviour in Figure 4.11.
Slight difference was observed whereby this prototype was more responsive at lower pressures
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Figure 4.11: Prototype C: (a) Module at resting position, (b) to (f) Module pressurised at 0.25 bar,
0.5 bar, 0.75 bar, 1.0 bar and 1.25 bar, respectively
compared to Prototype B with a bending angle of 24.5o with pressurization with 0.3 bar.
In comparison, Prototype B had a bending angle of about 20o at pressure of 0.4 bar. Even
though granules occupied the entire space of the cylindrical chamber, there were spaces
between granules due to the uneven size of the coarsely grounded coffee powder, causing
this module to extend more compared to Prototype B at low pressure. Prototype C also
extended a little bit more at pressure above 1 bar compared to Prototype B. However,
these differences were quite insignificant. Similar to the other two prototypes, this module
design also responded non-linearly with a linear increase in pressure. This resulted in a slight
hysteresis pattern due to the extension and contraction cycle as shown in Fig. 4.10(b).
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Three Chamber Actuation
As can be seen in Figure 4.12, the overall workspace of Prototype C is similar to Prototype
B, just as observed in the single chamber actuation of this prototype. Due to its similar
construction with Prototype B, this prototype also did not suffer from inefficient bending
as observed in Prototype A. This prototype extended up to 40% from its original length
when all three chambers were at 1.4 bar and could extend even further with application of
higher pressure.
(a) (b)
Figure 4.12: 3D workspace of Prototype C (a) front view, (b) top view
4.3 Stiffness Characterisation
This section presents the results of the trade-off study on the stiffness characteristics of
each soft manipulators prototype considered for designing GENTLER. The method cho-
sen is based on the manipulability study, which is one of the standard tool for analysing
any manipulator's characteristics. Numerous studies [113, 114, 115] have discussed and
applied the manipulability study. It gives the geometric interpretation of the manipula-
tors'capability in executing a specific task and can serve as a quantitative measure of force
transmission capability of a system. The manipulating ability of a system is usually rep-
resented by a manipulability index and a plot of the manipulability ellipse/ellipsoid. This
research specifically took inspiration from the manipulability study, presented in [115], to
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analyze the stiffness of the manipulator by generating ellipsoids based on the actual force-
distance relationship at several local points within the workspace. The ellipsoid generated
in this section is a precise measure of flexibility of the soft manipulator at a local point.
Based on this rigorous experimental study, the local stiffness of the soft manipulator can be
accurately deduced as the ellipsoid is generated directly based on the displacement of the
manipulator under a known exerted force. This graphical local representation of stiffness is
used to compare the stiffness performance along and about different directions and also to
find the best stiffness performance in a given direction.
4.3.1 Experimental Setup
The local stiffness of a single module STIFF-FLOP manipulator was studied at thirteen
different points in space on four selected frames. These thirteen points encompassed all
four defined workspaces (i.e. three tri-sectors each at 120o apart, and elongation), from
the minimum to the maximum bending angle this manipulator can achieve. From the
four selected frames, three frames, which were at orientation angles (φi) of 10
o, 120o, 200o
and 340o, were located within each defined tri-sector and one frame, at orientation angle
120o, was located in between the tri-sector. For each frame, the stiffness was analysed at
three different bending angles (θj), which are at 30
o, 60o and 90o. All three prototypes were
characterised to properly evaluate the degree of resistance to deformation caused by external
force. An industrial six degree of freedom robotic arm, Mitsubishi MELFA RV-1A, fitted
with an aluminum probe attached to the end effector, was programmed to apply a small
force between 0.2 N to 0.8 N, at a constant speed. The distal end of the soft manipulator was
fitted with a 3-axis force sensor, OptoForceTM [102], to measure force applied at the tip.
The NDI Aurora electromagnetic tracking system [99] was used to calculate the position
and orientation. Six hollow cylinders were designed to be fixed around the perimeter of the
force sensor's dome at equal distances as illustrated in Figure 4.13. This arrangement allows
for the probing of the force sensor to always be at the same point for all trials, bending
angles and orientations. This way, the repeatability in test results is assured. The necessary
calibration of the OptoForce and Aurora sensors are done at the start of each test based on
the manufacturer instructions [102], [99].
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Figure 4.13: MELFA robot was used to apply force on the tip of the manipulator to evaluate the
stiffness at various positions in the workspace
In this experiment, the soft manipulator was first actuated to achieve the desired pose within
the chosen frame. Then, the MELFA robot was actuated to approach and make contact
with the pressurised soft module and the Aurora sensor calculated the displacement of the
tip subjected to the applied force. This procedure was repeated for all six points around
the circumference of the OptoForce sensor dome. For each point, the measurement was
repeated 3 times to ensure consistency and precision and the average reading from the
three measurement are recorded.
4.3.2 System Without in-built Stiffness
Based on the displacement of the tip at a local point, subjected to 0.5 N normal force,
the principal axes of the ellipsoid, were approximated and the ellipsoid for the selected
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local points were plotted as illustrated in Figure 4.14. These ellipsoids are defined as the
flexibility ellipsoid whereby it provides the measure of flexibility of the soft manipulator at
the given location. Comparison of stiffness performances among local points can also be
accomplished by analysing these plots. The positions in which the manipulator is stiffer and
therefore can withstand the greatest forces are when it is less sensitive to the applied load.
This is the position where the soft manipulator is capable of sustaining the loads without
tip displacement that is too large. This is used as a basis to calculate the stiffness index and
to analyse stiffness performance over the entire workspace, which can provide an important
measure of stiffness of the system at a particular orientation and direction.
Figure 4.14 and 4.15 illustrate the ellipsoid generated from the experimental work for Pro-
totypes A and B and Table 4.1 shows the length of the principal axes of the ellipsoids. Since
Prototype C (without activation of the stiffness chamber) had similar behaviour to Proto-
type B based on the workspace analysis described in the previous section, it would generate
the same ellipsoid as Prototype B. It was observed that the ellipsoids had larger principal
axes and therefore high flexibility when it was closer to the central axis and smaller principal
axes as it was actuated away from the central axis. This indicates that the soft manipulator
is least sensitive to perturbation and has a higher capability in rejecting disturbances, as
it is pressurised at a higher bending angle. Similar behaviour is observed at every frame
of reference across the orientation span. This is an important observation that proves that
the soft manipulator can produce/withstand more force as it bends away from its center
point to counteract the additional loads due to gravity. This characteristic is crucial for
constructing a system that is aimed to be used for load manipulation.
The ellipsoid generated for each prototypes was used to calculate the stiffness index and
to analyse stiffness performances over the entire workspace. The index was normalised to
simplify the analysis where 0 and 1 represents the lowest and highest stiffness, respectively.
These values were analysed, plotted and extrapolated over the entire Cartesian workspace
as shown in Figure 4.16. The stiffness index was also plotted against the configuration space
variables (orientation and bending angle) as illustrated in Figure 4.17.
Although both prototypes exhibited similar stiffness patterns, both system have significantly
different stiffness at each local points. Prototype A is less stiff compared to Prototype B
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(a) (b)
(c) (d)
Figure 4.14: Flexibility ellipsoid of Prototype A generated based on application of constant forces
along the perimeter of the manipulator at orientation angle a)10o, b) 120o, c) 200o and d) 340o.
and its stiffness changed slowly when it bends from 0 to 90o. As can be seen in Figure
4.17(a), the stiffness index for Prototype A increased from 0 to 0.6 when the manipulator
was actuated to bend from 0 to 90 degrees. In contrast, the stiffness index of Prototype
B increased from 0 to 0.9 as the manipulator was bending from 0 to 90o as in Figure
4.17b. This is due to the high actuation pressure to bend Prototype B from 0 to 90o, in
comparison to Prototype A. Symmetrical behaviour could also be observed at the tri-sector
i.e. 120o around the module axial length, based on the anatomy and construction of the
soft manipulator.
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(a) (b)
(c) (d)
Figure 4.15: Flexibility ellipsoid of Prototype B generated based on applying constant forces along
the perimeter of the manipulator at orientation angle a)10o, b) 120o, c) 200o and d) 340o.
4.3.3 System With In-built Stiffness
The local stiffness analysis test was also performed for Prototype C, with the activation of
the in-built stiffness mechanism, to investigate the influence of this technique in improving
the overall stiffness of the manipulator. The granules within all three stiffness chambers
were pulled under vacuum and transitioned into a jammed (or stiff) state, once it reached
the desired test points within the workspace, before similar steps as discussed above were
conducted. The stiffness index were analysed and the results are shown in Figure 4.18.
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(a) (b)
Figure 4.16: Plot of flexibility measure over the entire workspace of (a) Prototype A and (b) Prototype
B. The flexibility index value is based on the colourbar to the right of the surface plot. White is the
point or area or highest flexibility, and red it when the prototype is less flexible (stiff)
(a) (b)
Figure 4.17: Plot of stiffness index against configuration space variable of (a) Prototype A and (b)
Prototype B
Figure 4.18(b) shows that Prototype C, when the in-built stiffness was active, had a stiffness
index of around 0.6 when it was bending at 30o. This is relatively high in comparison with
Prototype A, which had a stiffness index of 0.2 and Prototype B with stiffness index of 0.35
at the same bending angle. This stiffness index increased even higher as the manipulator
was bent at a higher bending angle. This proves that the in-built stiffness mechanism can
significantly increase the overall stiffness of the manipulator.
Based on these analyses, it is inferred that the ability of the soft robot to reject disturbances
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(a) (b)
Figure 4.18: Stiffness analysis of Prototype C: (a) stiffness index plotted in cartesian workspace and
(b) stiffness index plotted in configuration workspace.
varies throughout its workspace and that its inherent stiffness is dynamic in nature. All
three soft manipulator prototypes have different stiffness performances, which are influenced
by the design and construction of the manipulators. The stiffness of the manipulators can be
significantly enhanced with the activation of the in-built stiffness mechanism using granular
jamming technique.
4.4 Chapter Summary
In this chapter, three different silicone-based soft continuum manipulator designs have been
introduced and their characteristics have been analysed and compared. The analysis carried
out includes workspace analysis and stiffness analysis aimed at gaining a better understand-
ing of the behaviour of each design. Single chamber and multi-chamber actuation tests were
carried out for the workspace analysis. Single chamber actuation test revealed that all three
manipulators exhibited non-linear hysteresis behaviour, at various levels, over extension and
contraction cycles due to the inherent material properties of silicone. For multi-chamber
actuation test, it was shown that Prototype A had limited reachability, which was caused
by the cross-talk between chambers as well as friction. This behaviour was not observed
in Prototypes B and C. Results for Prototypes B and C showed that the soft manipula-
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tors had a more even distribution and wider range of reachable points around its central
axis. Stiffness analysis of these soft manipulators revealed that the strength of these proto-
type varied depending on its location/orientation within the workspace. Prototype A was
shown to have lower stiffness compared to Prototypes B and C for the same location in the
workspace. The results of these behavioural analysis will serve as the basis for developing
the novel dynamic modelling and control algorithm presented in Chapter 4 and Chapter
5.
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Chapter 5
Material-based Dynamic Model
In spite of the impressive abilities demonstrated by the numerous continuum robots, efforts
in modelling and real-time algorithm development of soft continuum robot have lagged be-
hind. Exploiting the actual capabilities and full physical potential of a soft robotic arm,
specifically its dexterity and mechanical performance, requires a comprehensive and nu-
merically stable model of the system for real-time implementation. Formulating the model
proves to be very challenging due to the continuous nature, flexible mechanism and infinite
degrees of freedom of the manipulator. The common assumption of the traditional multi-
rigid segment robot does not hold true for soft robots. Efforts in modelling soft robotic
manipulators have focused mainly on kinematic modelling [90, 116, 117] which up until now
is still the backbone in the state-of-the-art of control designs for soft continuum manipula-
tors. Kinematic modelling is purely based on the geometrical shape of the manipulator. The
system dynamics of this type of manipulator is still poorly studied and the true dynamics
of a continuum manipulator is rarely captured. Unlike the case of conventional rigid link
robots whereby the actuator dynamics is usually added to the rigid-link dynamical model
(or sometimes omitted entirely to avoid complexity), the inherent dynamics of continuum
robot is to a large extent dictated by its actuators. More specifically, for continuum robots,
their body largely comprises the actuators. Thus, the dynamics of the actuators should be
incorporated as an inherent part of the robot dynamics. Soft materials such as silicone,
Ecoflex, rubber or gels [118] follow highly hyperelastic behaviour [119], which needs to be
taken into account in a continuum mechanics model rather than extending the classical elas-
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tic beam theory for rigid segments to soft robots. Furthermore, such soft materials exhibit
considerable amount of viscous behaviour that is demonstrated by terms of heat loss at high
rate of motion and deformation (of the order of 1mm/s) and results in hysteresis in the
actuation-strain curve of the soft robot arm. For these reasons, lack of a general dynamical
model in portraying the complex non-linear behaviour of this type of manipulator constricts
the full potential of the technology.
Dynamic modelling of continuum manipulators remains an active area of research. Some of
the earliest research in deriving the dynamic model of a flexible manipulator is presented
by Chirikjian [120] for hyper-redundant manipulator, by Khalil et al. [121] for serial eel-
like robot and Matsuno and Sato [122] for a snake robot. However, in all of these studies,
hyper-redundant rigid-links are considered; therefore, the continuous nature of continuum
robot is lacking from these models. Tatliciogluet al. [123] and [124] formulated the dynamic
models for a planar continuum manipulator. Even though the research in [123] describes
the dynamic model for a multisegment manipulator, the model is two-dimensional which
limits its practical application for a physical system. Mochiyama and Suzuki [125] extended
the work of [120] by providing the Newton-Euler and regressor representation of the model
for a three dimensional (3D) system. However, no experimental validation was presented
to assess the performance of each representation. The works by Godage et al. in [126]
and [127] all capture the three dimensional dynamics of each actuating chamber. The
research in [126] presented derivation of the dynamic model of a continuum manipulator
for underwater application based on the modal approach. In [127], empirical fitting of
experimental data was used to capture the nonlinearity and time dependence of the system.
The Bouc-Wen hysteresis model was employed to model and fit the experimental data. Both
models were experimentally tested and good agreement was found between the model and
the actual system. However, the results only demonstrate the feasibility of the model for one
actuating pressure chamber and the empirical model can only be applied to that particular
actuator design and material; it cannot be generalised in any way and the slightest change in
actuator design, material or actuation conditions would require new experiments to validate
the Bouc-Wen empirical model and determine its parameter.
The dynamic models described previously investigated a single pneumatic channel which
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is structurally different from the actuation mechanism in this study. Suzumori et al. in
[128, 129] introduced the first prototype of pneumatically actuated three chamber (PTC)
soft modules with low operating pressure. However, Suzumori derived the dynamic charac-
teristics of PTC based on the deflection distance projected on to the horizontal base plane,
which is only valid for a small degree of bending angle. This limits and complicates its
application for real-time control. One of the latest research in dynamic modelling of soft
continuum robot can be found in [64]. Their approach utilizes the Kelvin-Voigt model to
capture the viscoelastic property of the material used to construct the prototype. However,
the assumption of linear elastic material behaviour for the spring element and Newtonian
viscous behaviour for the dashpot element may not accurately capture the true nature of
a soft material system. The work in [130] assumed hyperelastic behaviour of reinforced
silicone and presented a good quasi-static analytical model for a single chamber soft robot
actuator. However, the dynamic model of the full structure was not derived and there was
no model to predict the hysteresis.
In this chapter, the development of a dynamic model of the prototypes of soft manipulators
introduced in the preceeding section is pursued to analyse the behaviour of the actuator and
to obtain the relationship between the input air pressure and the length of each individual
chamber. A novel approach of material-based dynamic modelling was taken to embody
the inherent nonlinearity and rate-dependence characteristic exhibited by the manipula-
tors.
5.1 Kinematics Settings and Relationships
The underlying physical structure exhibited by a continuum soft robot approximates a seri-
ally connected set of curvature arcs, which is why the general and widely used approach to
kinematic modelling for a continuum soft manipulator is based on the framework of gener-
ally constant-curvature. This constant-curvature framework has been successfully applied
to various designs of continuum robots [89, 91, 117, 131]. Under this piecewise constant-
curvature assumption, three spaces are defined which are the actuator, configuration and
task space, and they are linked by two mappings, namely robot-independent and robot-
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Figure 5.1: : The kinematics mapping of a constant-curvature system.
dependent mapping, that is defined as follows [132]:
 Robot-dependent mapping - mapping between the actuator space q = {q1, q2, q3}T and
configuration space {κ, φ, L}T
 Robot-independent mapping - mapping between the configuration space {κ, φ, L}T and
task space {x, y, z}T
where qi describe the length change of each actuator which in the case of this study are
the length change of each pneumatic chambers and the arc parameters. The framework
mappings are shown in Figure 5.1. Actuator space describes manipulator joint variables
such as length of pneumatic chambers for pneumatically driven robot or length of a cable
for tendon driven robot. Configuration space describes the position and orientation of
manipulator's backbone and is defined in terms of its arc parameters, which are curvature
(κ(q)), orientation angle (φ(q)) and length (L(q)), while task space comprises the Cartesian
dimensions of the manipulator. Alternatively, the parameterisation can be described in
terms of bending angle, θ(q) using the relationship θ = κs, where s ∈
[
0 L
]
.
The robot-dependent mapping describes the spatial orientation of the manipulator upon
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actuation and is given by the relationship of Eq. (5.1).
L(q) =
L1 + L2 + L3
3
φ(q) = tan−1
(√
3(L2 + L3 − 2L1)
3(L2 + L3)
)
θ(q) =
2
√
L21 + L
2
2 + L
2
3 − L1L2 − L2L3 − L1L3
3d
(5.1)
Here, L(q), φ(q) and θ(q) are the manipulator's overall length, orientation angle and bend-
ing angle respectively, as presented in Figure 5.2, and d is the distance from the central
axis of manipulator to the centre of the actuation chamber. The robot-independent map-
ping describes the coordinate transformation between task space and configuration space
and is applicable to a wide range of continuum manipulators. It can be derived through
a variety of convention and coordinate frame choices: through Frenet-Serret frames [89],
Denavit-Hartenberg parameters [90], exponential coordinates [52, 133] and arc geometry
[134, 135], all of which fundamentally produce the same results. It is described in terms of
the homogeneous transformation matrix (HTM), T, parameterised by {κ, φ, L} [127]. These
kinematic settings and relationships were later adopted in the derivation of the dynamics
of the soft manipulator.
T(q) = Rz(φ)Px(λ)Ry(θ)Px(−λ)RTz (φ)
T(q) =
 R(q) p(q)
1 0
 . (5.2)
where κ is the radius of curvature, R(q) is the rotational matrix given by:
R(q) =

sin2(θ) + cos(φ)cos2(θ) cos(θ)sin(θ)(cos(φ)− 1) sin(φ)cos(θ)
cos(θ)sin(θ)(cos(φ)− 1) cos2(θ) + cos(φ)sin2(θ) sin(θ)sin(φ)
−sin(φ)cos(θ) −sin(φ)sin(θ) cos(φ)
 (5.3)
and p(q) is the translation vector given by:
p(q) =

cos(θ)(1−cos(φ))
κ
cos(θ)(1−sin(φ))
κ
sin(θ)
κ
 . (5.4)
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Figure 5.2: Kinematic nomenclature of a three chamber soft continuum manipulator
5.2 Dynamic Model
The overall dynamic model of the system was obtained by employing the Lagrangian anal-
ysis. The equation of motion can be obtained by applying the Euler-Lagrange equation
formulated in Eq. (5.5) [136].
F =
(
d
dt
∂L
∂q˙
)
−
(
∂L
∂q
)
(5.5)
where L is the Lagrangian defined as
L = Ek − Eg − Em (5.6)
F in (5.5) is the generalized force and q is the joint space coordinate vector. In (5.6),
Ek is the kinetic energy, Eg is the gravitational potential energy, and Em is the mechanical
energy due to mechanical stresses (elastic and viscous stresses for a viscoelastic material).
The basic formulations of Ek, Eg and Em are explained in the subsequent corresponding
subsections for a single and a three pneumatic chamber system.
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5.2.1 Single Chamber Dynamics
Schematic representation of a silicone continuum manipulator and its kinematics nomen-
clature are illustrated in Figure 5.2. Lo is defined as the initial length of the silicone tube
and L(t) = Lo + q(t) is the length of the tube at any time where q(t) is the extension of
the tube after pressure is applied. It was assumed that when compressed air is supplied to
the pressure chamber, the top wall will extend while the bottom layer will be constrained
by the inextensible layer, thus causing the actuator to bend toward the bottom layer with
a radius κ and angle θ.Taking similar approach as in [126] and [127], a normalized position
parameter, ξ ∈
[
0 1
]
is considered, which describes the point along the silicone tube
where ξ = 0 is at the base. The deformed silicone tube after the pressure is applied is
assumed to be made up of infinitely many thin slices, each with length Lδξ (Figure 5.2).
Based on this convention, the linear density of the system and the mass of the slice are
given by Eq. (5.7) and Eq. (5.8), respectively.
ρ =
ms
L
(5.7)
δms = ρLδξ = msδξ (5.8)
where ms is the whole mass of the silicone manipulator.
The energy equation of the deformable silicone is formulated by considering a thin slice Lδξ
of silicone tube and integrating it over the entire length to calculate the total energy. The
kinetic energy, Ek, of the system is as in Eq. (5.9)
Ek =
1
2
1∫
0
(msδξ)(q˙ξ)
2 =
1
6
msq˙
2 (5.9)
in which ms is the mass of the deformable silicone manipulator, ξ
dq
dt is the velocity of any
slice and mp is the mass of any other undeformed part such as connectors, cups and rods
of the uterine manipulator. Similarly, the gravitational potential energy of the system is as
formulated in Eq. (5.10).
Ep =
1∫
0
(msδξ)ξ[Lo + q(t)] =
1
2
msg[L0 + q(t)] (5.10)
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The mechanical stress-related energy takes into account the axial strain energy due to
extension or compression of a channel and the shear energy present during bending of the
module as in (5.11),
Em = Estrain + Eshear (5.11)
Estrain =
1
2
σiivsi (5.12)
Eshear =
1
2
τ
θ
2
vs (5.13)
where σi is the actuating chamber tensile stress, i is the actuating chamber axial strain,
and vsi is the actuating chamber volume, for each of the three chambers i = 1, 2, 3; τ is
the module shear stress, and vs is the module volume. The tensile and shear stresses are
modelled incorporating the material model described in Section 5.3.
5.2.2 Three Chamber Dynamics
Similar to the single chamber, the convention in modelling the three chamber system is
adopted from [126] and [127]. Joint space vector, q ∈ R3, is first define, to be the change in
each of the chamber lengths at any time, q =
[
q1(t) q2(t) q3(t)
]
. Just as in the single
chamber system, the arm is assumed to be made up of infinitesimal slices of thickness Lδξ,
where L = θκ is the length of the continuum arm along the central axis. To derive the kinetic
energy, body velocity of the manipulator, Vbξ ∈ R6 , was first formulated as in Eq. (5.14)
[137]:
Vbξ =
 νbξ
ωbξ
 =
 RTp˙
(RTR)
∨
 = Jbξ (q)q˙ (5.14)
where R and p are the rotational and translational matrix of the HTM matrix T as in
Eq. (5.2) respectively, where νbξ ∈ R3 is the instantaneous linear velocity component of the
centre of mass, ωbξ ∈ R3 is the instantaneous angular velocity and Jbξ ∈ R6×3 is the body
Jacobian matrix.
Now that the body velocity of the manipulator has been defined, the total kinetic energy
of the slice along the manipulator is,
δEk(q, q˙) =
1
2
(Vbξ )
T δMVbξ dξ
=
1
2
(Jbξ (q)q˙)
T δM(Jbξ (q)q˙)
(5.15)
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Therefore, the total kinetic energy of the single actuated chamber can be obtained by
integrating Eq. (5.16) as below:
Ek(q, q˙) =
1
2
1∫
0
(Vbξ )
T δMVbξ dξ (5.16)
Ek(q, q˙) can also be expressed in terms of the generalised mass matrix as in Eq. (5.17):
T (q, q˙) =
1
2
q˙TM(q)q˙ (5.17)
where M is the generalised mass matrix defined as in Eq. (5.18)
M(q) =
1∫
0
(Jbξ )
T δM(Jbξ )dξ. (5.18)
δM is the slice inertia matrix defined by Eq. (5.19) and r is the radius of the slice:
δM =

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 14r
2 0 0
0 0 0 0 14r
2 0
0 0 0 0 0 12r
2

(5.19)
The manipulator is assumed to have a uniform linear density ρ = ML , where M is the total
mass of the entire manipulator. The gravitational potential energy of the system is
Eg(q) = M
1∫
0
pTp gδξ (5.20)
where g =
[
0 0 9.81
]T
, and pTp is the positional vector from Eq. (5.2).
The mechanical energy of the three chamber actuator is given again by Eq. (5.11) with the
shear energy given by Eq. (5.13) and the strain energy given as the sum of the strain energies
produced by the actuation of each pneumatic chamber as described by Eq. (5.21)
Estrain =
1
2
3∑
i=1
σiivsi (5.21)
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5.3 Visco-hyperelastic Continuum Mechanics Model
The preceding section describes the standard kinetic and gravitational potential energy for-
mulation to be inputted into the Euler-Lagrange formulation to derive the overall dynamics.
These formulations however were inadequate to fully describe the nonlinear dynamical prop-
erties of a soft continuum manipulator. Construction of soft robots employs mechanically
highly nonlinear materials, which often change their behaviour when rapidly stretched or
display creep under constant loads. The behaviour characteristics such as hysteresis in
the stress-strain curve and stiffness of the material need to be properly understood and
taken into consideration in modelling the soft manipulator. Employing the most appropri-
ate constitutive model of continuum mechanics equations is critical in accurately describing
the behaviour of the soft robot. In attempting to completely understand the dynamic be-
haviour of a material that acts as a continuous medium and ultimately producing a reliable
dynamic model, this study proposed to incorporate the appropriate constitutive model (ma-
terial model) in the mechanical energy term of the dynamic continuum mechanics model
developed in Section 5.2. Often, the equation of motion of a continuum is not in a form
suitable for control application; for example, it may be in the form of transient, three-
dimensional space partial differential equations, solved by the finite element method, which
would require long computational time and cannot keep up with the fast computer pro-
cessing requirement of real-time control. In this study, the use of an innovative material
model is described and implemented in the dynamic continuum mechanics model of the soft
manipulator, which is converted into a form useful for modelling and control of a continuum
soft manipulator introduced in Section 4.1.
Continuum mechanics studies the analysis of kinematics and deformation of material, mod-
elled as a continuously distributed medium that fills the space it occupies. Any continuum
body that is subjected to external forces will result in rigid body displacement and deforma-
tion. Most commonly used models in continuum mechanics are the stress-strain relationship
and energy density function. The stress-strain curve provides the information of average
forces exerted on a body surface as well as its reaction to external forces as the material
goes through displacement and deformation, while the energy density function describes
the stored and lost energy of a given system per unit mass. These two models were used
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in deriving the mechanical energy term described by Eq. (5.11) for an actuator undergo-
ing deformation as the pressure inside each actuating chamber changes in response to the
control system.
In this section, material modelling of mechanical behaviour is explained to capture the
nonlinearity and viscoelasticity of the soft continuum manipulator introduced in Section 4.1.
The systems, which were composed of nylon thread (fibre) embedded within the silicone
module (matrix) (Prototype B and C) were treated as a composite material with visco-
hyperelastic behaviour. The contributing members of the energy terms for the dynamic
model formulation were primarily due to the deformation of the manipulator which was
subjected to forces arising from the actuation pressure. This deformation was modelled
based on the constitutive law of material described above.
5.3.1 Visco-hyperelasticity
Viscoelasticity is the property of materials that exhibit both viscous and elastic characteris-
tics. A major difference of viscoelasticity with the common elastic property essentially lies
in the relation between stress and strain. While elastic materials has a constant stress-strain
relationship, the relationship between stress and strain for viscoelastic materials is depen-
dent on time and strain rate. Observation of stress-strain of viscoelastic materials during
the cyclic loading-unloading revealed a clear hysteresis pattern which is what was observed
in the Ecoflex-0050 module workspace analysis (Figure 4.3(b) for Prototype A, Figure 4.7(b)
for Prototype B and Figure 4.10(b) for Prototype C in Section 4.2.2). The Kelvin-Voigt
model [138] is often used to represent the constitutive model of solid viscoelastic materials.
The Kelvin-Voigt model consists of a spring and a dashpot connected in parallel, so that
the two experience the same deformation and total stress (or force) applied to the system
is the sum of the stresses (or forces) on the spring and the dashpot.
The novel visco-hyperelastic constitutive model proposed in this study for the soft silicone is
described by a system of a modified Kelvin-Voigt model, consisting of a hyperelastic spring
and a non-Newtonian viscous dashpot, so that the total stress, tensile stress, σ, or tensile
stress, τ , on the system is equal to the sum of the hyperelastic and viscous stress as given
by Eq. (5.22)
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σ = σhe + σv
τ = τhe + τv,
(5.22)
where σhe and σv are the hyperelastic and viscous tensile stress component, respectively
and σhe and σv are the hyperelastic and viscous shear stress component, respectively.
5.3.2 Hyperelasticity
Inherent compliance of a continuum robot requires consideration of elasticity. Elasticity is a
physical property of a materials which tend to return to its original shape after undergoing
deformation. The stress-strain relationship of elastic materials is constant with time. In
linear elastic materials, the constant stress-strain curve is a straight line, with the gradient
being the Young's modulus of the material. Hyperelastic materials are elastic materials
with a non-linear stress-strain relationship. Many constitutive models of hyperelastic ma-
terials are based on the strain energy function which depends upon the principal stretches[
λ1 λ2 λ3
]
. There are numerous material models available to describe the strain en-
ergy potential (strain energy per unit volume) of hyperlastic materials and for this study,
the Yeoh's reduced polynomial hyperelastic model for N = 3 [139] was chosen, which takes
the form of Eq. (5.23). The Ecoflex—0050 is assumed to be incompressible (Dk = 0), which
simplifies Eq. 5.23 to Eq. 5.24.
Uhyp =
3∑
i=0
Ci0(I¯1(q)− 3)i +
3∑
i=0
Dk(J − 3)2k (5.23)
Uhyp = C10(I¯1(q)− 3) + C20(I¯1(q)− 3)2 + C30(I¯1(q)− 3)3 (5.24)
where Ci0 are material constants obtained from fitting experimental mechanical test data.
Uniaxial tensile tests were conducted in the strain range of 0 to 400% and at a strain rate
of 1 to 1000mm/min to determine the value of C10,e, C20,e and C30,e, under extension for
Ecoflex—0050. Shear tests were also conducted in the above strain range and rate for the
45o strain to determine the values of C10,s, C20,s and C30,s, under shear for Ecoflex—0050.
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I¯1 is the first invariant of the three principal stretch ratios λ1, λ2 and λ3 in the Cartesian
coordinates defined as:
I¯1 = λ1
2 + λ2
2 + λ3
2 (5.25)
where the material is considered incompressible (no volume change) according to Eq. (5.26),
λ1λ2λ3 = 1. (5.26)
These principal stretches depend on the type of loading. As the manipulator is pressurised,
it undergoes extension from axial loading and bending deformation due to shear force.
For uniaxial loading, also taking into account the incompressibility condition, the principal
stretches [140] [139] are given by,
λ1 = λ, λ2 = λ2 =
1
λ1/2
(5.27)
Therefore, in the case of extension, the strain invariant I¯1,e for uniaxial loading is given
by,
I¯1,ei = λ
2 + λ−2 =
(
1 +
qi
Lo
)2
+ 2
(
1 +
qi
Lo
)−1
. (5.28)
where λ = 1 +  and  are the strain. As Eq. (5.12) and (5.21) require the strain energy for
each actuated pneumatic channel, i, for each pneumatic channel it is i =
qi
L0
.
In the case of bending, taking into account the incompressibility condition, the strain in-
variant for shear, I¯1,s, is given by,
I¯1,s = 3 + γ
2 (5.29)
where the shear angle γ is half of the bending angle θ:
γ =
θ
2
(5.30)
5.3.3 Viscous behaviour
The viscous part of the visco-hyperelastic material model is governed by the following
stress-strain relation for the tensile visocus stress:
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σv = η
d(t)
dt
(5.31)
where η is the power law viscosity [141] defined as
η(˙) = ηo
∣∣∣∣d(t)dt
∣∣∣∣n−1 , (5.32)
ηo is the consistency of the material and n is the power law index for a non-Newtonian fluid.
If n is less than one, the power law predicts that the effective viscosity would decrease with
increasing strain rate; this is a pseudoplastic fluid. Thus, the strain energy per unit volume
under tensile stress on the actuated pneumatic chamber i, associated with the viscous part
of the visco-hyperelastic constitutive model, is as given in Eq. (5.33)
Uv,ei(q, q˙) =
1
2
σvii(t). (5.33)
Uv,ei(q, q˙) =
1
2
ηo
∣∣∣∣d(t)dt
∣∣∣∣n−1 d(t)dt (t). (5.34)
where (t) is the strain of the chamber i at any time.
The shear viscous stress, τv is also expressed as a function of the shear rate dγ(t)/dt accord-
ing to Eq. (5.35), with a power law viscosity expressed by Eq. (5.36) under shear.
τv = η
dγ(t)
dt
(5.35)
η(γ˙) = η0
∣∣∣∣dγ(t)dt
∣∣∣∣n−1 (5.36)
The shear viscous energy per unit volume Uv,s due to the part of the shear viscous stresses
on the soft module, is then given by the following equation:
Uv,s(γ, γ˙) = τvγ(t)
Uv,s(θ, θ˙) =
1
4
η0
∣∣∣∣12 dθ(t)dt
∣∣∣∣n−1 dθ(t)dt θ(t)
(5.37)
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(a) (b)
Figure 5.3: Energy density and stress-strain fitting for Ecoflex 0050 with a hyperelastic viscoelastic
model using C10, C20, and C30 are 12563, -67.784, and 2.7385 J/m
3, respectively. Experimental
data from tensile test at 1 mm/min
The parameters of the power law viscosity model, eta0 and n were also obtained from the
fitting of experimental mechanical test data for tests at different rates. Based on the derived
constants, the visco-hyperelatic model fit of the energy density can be seen in Figure 5.3(a)
while the experimentally measured stress-strain relationship is shown in Figure 5.3(b).
5.3.4 Composite Material
The fibre-reinforced layer around each pneumatic chamber in Prototype B and Prototype
C (Figure 4.1(b) and (c)) is a composite material of nylon fibre and soft Ecoflex—0050. A
composite material is made from a combination of two or more materials, which results in
better properties than those of the individual components used alone [142]. The materials
within the composite often have distinct properties. The two constituents are a reinforce-
ment and a matrix and they do not dissolve or blend into each other. These materials
work collectively to give unique composite properties. The mechanical properties of this
composite can be tailored to meet specific design requirements based on the choice of fibres,
their alignment as well as the volume fraction. The method of reinforcing has its advan-
tage in that it improves the strength and stiffness of the manipulator, as was presented in
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Figure 5.4: Geometric parameters of the reinforced pressure chamber
Section 4.3. The pneumatic channels of Prototype B and C were constructed with multiple
material parts. More specifically, each pneumatic channel has a soft silicone (Ecoflex 0050)
lumina surrounded by a fibre reinforced silicone composite layer (Figure 5.4). This fibre
reinforced silicone layer can be modelled as composite material. The circular fibre rein-
forcement prevents radial expansion in each pneumatic channel and only allows for channel
elongation upon actuation under gas pressure. Upon actuation under pressure, the tensile
stress along the chamber walls acts perpendicular to the circularly wound fibre. Using the
assumption of equal stress in each constituent material, the inverse rule of mixtures (IROM)
was applied for determining the mechanical behaviour of the composite layer. This rule is
commonly used to evaluate and predict the modulus of a uniaxial fibre reinforced composite
material for stress acting perpendicular to the fibres [143] [144]. The IROM is formulated
as in Eq. 5.38.
1
Ec
=
Vf
Ef
+
Vm
Em
(5.38)
where Ec, Ef and Em are the elastic modulus of the composite, fibre and matrix respec-
tively, and Vf and Vm are the volume fraction of the fiber and matrix, respectively. As
Ef ∝ 1000Em, the total strain and strain energy of the composite layer are dominated by
the contribution of the matrix. Furthermore, upon pneumatic actuation of chamber i, it
is assumed that the fibre and the matrix volume fraction changes in the composite layer.
The addition of this composite layer will affect the effective volume of the manipulator.
The formulae for the matrix volume fraction Vm change and the volume of the silicone part
98
associated with each of the three pneumatic channels i, vs, are as follows:
Vmi =
i + Vm0
i + 1
(5.39)
vsi =
[
piR2 − 3pir2
3
+ 2pirirs +
2pi(ri + hs)hc
Vm
]
L (5.40)
where R is the radius of the cylindrical unit, L is the total length of the actuator, Vm0 is
the matrix volume fraction at the initial state, and rs is the radius to the end of hs before
the fibre reinforcement starts as illustrated in Figure 5.4.
5.4 System Dynamics with Visco-hyperelastic Continuum Me-
chanics
In this section, the final equation for the mechanical potential and viscous energy due to
extension and bending is presented based on the strain and shear energy per unit volume
formulation introduced in the previous section. Hence, the overall dynamic model for the
single chamber system and multiple chamber system were derived.
5.4.1 One Chamber Actuation System
The mechanical energy of a bending manipulator is related to its deflected shape. Figure 5.5
illustrates the stresses acting on the individual chamber as it is bent. Bending of the module
under one chamber actuation involves the mechanical strain energy and mechanical shear
energy, according to Eq. (5.11). Given the above constitutive laws, the overall mechanical
strain energy due to the extension of chamber i is given as the sum of the hyperelastic
potential energy and the lost viscous energy as follows:
Emstrain,i = Emi,strain,he + Emi,strain,v
Emstrain,i,he = vsi[C10,e(I¯1,strain,i − 3) + C20,e(I¯1,strain,i − 3)2
+ C30,e(I¯1,strain,i − 3)3]
Emstrain,i,v = vs
[
1
2
ηo
L2o
∣∣∣∣ q˙iLo
∣∣∣∣n−1 q˙iqi
]
.
(5.41)
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Figure 5.5: Stresses acting on the bending manipulator
where Emi,strain,he and Emi,strain,v are the mechanical strain energy derived based on the
hyperelastic and viscous properties of the module, respectively.
For the case of extension, the strain invariant I¯1 for uniaxial tension is applied and it is
defined as follows:
I¯1,elongation =
(
1 +
q
Lo
)2
− 2
(
1 +
q
Lo
)−2
. (5.42)
The mechanical potential shear energy depends on the strain invariant for shear, which is
defined as follows [31]:
I¯1,shear = 3 +
(
θ
2
)2
(5.43)
where θ is the bending angle at anytime. Thus, the mechanical shear energy due to bending
can be represented as the sum of the hyperelastic potential energy and the viscous lost
energy as follows:
Emshear = Emshear,he + Emshear,v
Emshear,he = vs
[
C10,s
θ2
4
+ C20,s
(
θ2
4
)2
+ C30,s
(
θ2
4
)3]
Emshear,v = vs
ηo
4
∣∣∣∣∣ θ˙2
∣∣∣∣∣
n−1
θ˙θ
 .
(5.44)
where Emi,shear,he and Emi,shear,v are the mechanical shear energy derived based on the
hyperelastic and viscous propoerties of the module, respectively. The bending angle θ is
to be converted to the joint space representation using Eq. (5.1) and for a single chamber
actuation, the deformation length of the other two chambers is considered zero.
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For Prototype A, the volume, vsi, is simply the volume of the silicone part associated with
each of the three pneumatic channels as given by Eq. (5.45), while for Prototype B and C,
this volume is given by Eq. (5.40).
vs =
[
piR2 − 3pir2
3
]
L (5.45)
Based on these energy formulations, the Euler-Lagrange equation represented by Eq. (5.5)
can be re-written as:
F =
(
d
dt
· ∂T
∂q˙
)
−
(
∂T
∂q
)
−
(
d
dt
· ∂(Pmstrain + Pmshear)
∂q˙
)
+
(
∂(Pmstrain + Pmshear + Pg)
∂q
)
(5.46)
The newly derived dynamics of the single chamber system based on material modelling is
then represented by the following equation:
F = Mq¨ +D1(q, q˙)q¨ +D2(q, q˙) +G (5.47)
where M is mass, terms containing D1 and D2 are associated with damping and G is the
sum of elastic and gravitational forces. By applying the viscous terms of Eq. (5.41) and
(5.44), these terms are formulated as follows:
D1q¨i = −ηon(n− 1)qiq˙n−2i
[
vsi
Ln+1o
+
vs
3n+1dn+1
]
, (5.48)
D2 = −ηonq˙ni
[
vsi
Ln+1o
+
vs
3n+1dn+1
]
, (5.49)
G =
3msgd
4q2i
[
−Losin
(
2qi
3d
)
+
2qi
3d
(
Lo +
qi
3
)
cos
(
2qi
3d
)]
+ vsi
[
2
Lo
(
1 +
qi
Lo
)
− 2
Lo(1 + qi/Lo)2
]
[C10,e + 2C20,e(I¯1,straini − 3) + 3C30,e(I¯1,straini − 3)2]
+ vs
(
C10,s
2qi
9d2
+ C20,s
4q3i
81d4
+ C30,s
2q5i
243d6
)
.
(5.50)
5.4.2 General Three Chamber Actuation System
The three chamber actuation model caters for actuation of more than one pneumatic cham-
bers. Similar to the single chamber system, the mechanical energy due to the extension and
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bending of each of the three chamber system is as presented by Eq. (5.41) and Eq. (5.44).
If more than one chambers are under actuation, their sum of mechanical potential energies
is considered. However, the bending angle for the shear bending energy has to account
for all three chambers just as formulated in Eq. (5.1). The overall equation of motion is
obtained by employing the Lagrange-Euler formulation as previously discussed for a single
chamber system and is given by the following equation:
F = M(q)q¨ + C(q, q˙)q + D1(q, q˙)q¨ + D2(q, q˙) + G(q) (5.51)
where C ∈ R3×3 includes the centrifugal and coriollis forces matrix, M ∈ R3×3, G ∈ R3,
D1 ∈ R3, D2 ∈ R3 are as explained previously and F is the input force vector in joint
space. The C, D1, D2 and G are as follows:
C(q, q˙ =
1
2
n∑
k=1
δMij
δqk
+
δMik
δqj
+
δMjk
δqi
(5.52)
D1 =
[
D1,1 D1,2 D1,3
]
(5.53)
D2 =
[
D2,1 D2,2 D2,3
]
(5.54)
G =
[
G1 G2 G3
]
(5.55)
The entries for vectors D1, D2 and G are defined as:
D1,iq¨i +D2,i =
d
dt
∂(Ei,strain,v + Eshear,v)
∂q˙i
(5.56)
Gi =
∂(Ei,strain,he + Eshear,he + Eg)
∂qi
(5.57)
The model is simplified by neglecting the Coriolis and Centrifugal term, C ∈ R3×3 such
that
F = M(q)q¨ + D1(q, q˙)q¨ + D2(q, q˙) + G(q). (5.58)
This simplification is a common practice for a system with slow motion or velocities [145]
and can improve computation time significantly [146] . The effect of this simplification for
this soft continuum manipulator is studied in the next section. The dynamic problem of
this study, based mainly on Eq. 5.58, was solved according to the backward Euler numerical
technique. A timestep of 0.1 ms was found suitable for all simulations reported all the case
studies presented from this point forward.
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Figure 5.6: Block diagram of the visco-hyperelastic dynamic model testing in open loop control
Table 5.1: Geometric and Material Model Parameters
Parameter Value Parameter Value
ms 24 g η0 22263.8 Pa s
0.3
Lo 45 mm n 0.3
R 14 mm C10,e 12563 J/m
3
r 4 mm C20,e -67.784 J/m
3
rw 2.25 mm C30,e 2.7382 J/m
3
ri 1.5 mm C10,b 2093.3 J/m
3
Vm0,1 0.115 C20,s -11.297 J/m
3
Vm0,2 0.103 C30,s 0.4564 J/m
3
Vm0,3 0.095 C10,s 12563 J/m
3
5.5 Experimental Results and Model Prediction
Open-loop numerical simulation and experimental testing were carried out to validate the
accuracy and investigate the performance of the proposed model. The block diagram of the
test is as shown in Figure 5.6. The pressure of the feed-in air flow was used as the input,
while the change of length due to the pressure changes within the actuation chamber was
the output. A closed-loop pressure control system was designed to maintain the pressure
within the chamber at the desired level. Gain a in this diagram is the cross-sectional area of
the chamber which can be calculated based on the given radius parameter in Table 6.1. The
experiment was aimed to collect these changes of length as step response to different values
of input pressure, and to compare the data with the the predictions of the proposed material
model. Geometric parameters used in the computer simulations are listed in Table 6.1.
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(a)
(b)
Figure 5.7: Simulation predictions and experimental results of the open-loop single chamber actuation
tests of Prototype A under pressure step changes: (a) input pressure and (b) average change in
module length.
5.5.1 Single Chamber Actuation System
Prototype A
The input pressures for the validation tests were independent step inputs as well as step-on-
step pressure command. Independent step command is when the pressure always starts at
zero and returns back to zero while step-on-step input is designed to start from its previous
steady-state value without letting the tube to go back to its initial position as shown in
Figure 5.7(a). The manipulator underwent the independent step inputs first, ranging from
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0.3 to 0.7 bar with 0.1 bar increments followed by the step-on-step test with pressure starting
from 0.1 bar up to 0.7 bar with 0.1 bar increments. A low-level closed-loop control system
was constructed to maintain the pressure at its desired level. Figure 5.7(b) shows the
experimental result of these tests, which is compared against the prediction of the proposed
model. The experimental data shows the average change in length and the error bars as
chamber 1, 2 and 3 were actuated independently. Three runs were conducted for each
individual chamber and each error bar represented the standard deviation from the average
change of length from all these nine runs.
Prototype B
As previously explained in Section 5.3.4, reinforcing the fibre around each pneumatic cham-
ber within the silicone module improved the stiffness of the manipulator based on Eq. (5.38)
and eliminated the ballooning of each actuated chamber. The value of the contributing vol-
ume fraction plays a vital role in determining the effective stiffness of the fibre reinforced
manipulator and can greatly affect the accuracy of the model. As the winding of the fibre
around the actuation chamber was done manually, it is hardly possible for each chamber to
have the same matrix volume fraction, Vm0. This Vm0 value of the composite in Eq. (5.39)
was determined based on the empirical fitting of the experimental data. Figure 5.9 shows
the simulation results of the chamber extension by employing several values of Vm0. Based
on this figure, it can be seen that the output length varied tremendously when the value of
Vm0 increased from 0.05 to 0.3. Accuracy of the model can greatly deteriorate and an error
of up to 10mm may occur if this value is not properly tuned. Therefore, the value of Vm0
needs to be tuned by comparing the simulation results using multiple Vm0 values with the
actual length of each individual chamber (for example Figure 5.9). The best Vm0 for each
chamber is tabulated in Table 6.1.
Based on these Vm0 values, the test similar to that for Prototype A in Figure 5.7 was carried
out to observe the overall performance of this model for Prototype B and to compare the
results between the two prototypes. Higher pressure values were used for Prototype B,
starting at 0.2 bar to 1 bar with increments of 0.2 bar as this prototype could withstand a
higher pressure value. A higher increment was also imposed for a more apparent extension
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Figure 5.8: Simulation of chamber extension by tuning the matrix volume fraction, Vm0, value in
the fibre reinforced composite layer around each pneumatic chamber.
(a) (b) (c)
Figure 5.9: Tuning of Vm0: (a) Vm0 of 0.095 is used for Chamber 1 , (b) 0.113 for Chamber 2 and
(c) 0.105 for Chamber 3.
and contraction of the module. Figure 5.10(b) shows the comparison between the simulation
and the experimental data. The experimental data shows the average change in length as
chamber 1, 2 and 3 were actuated independently.
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(a)
(b)
Figure 5.10: Simulation predictions and experimental results of the open-loop single chamber actua-
tion tests of Prototype B, under pressure step change: (a) input pressure and (b) average change in
module length.
Discussion
The considerable deviation in the experimental data among the three pneumatic chambers
represents fabrication differences between the chambers, which could lead to slight dissim-
ilarity in the size of each chamber or minor asymmetry in the location of each chamber
within the silicone column. Overall, Prototype A exhibits a higher change in length com-
pared to Prototype B and the proposed model captures this very well. The addition of a
fibre-reinforced layer around each pneumatic chamber increased the stiffness of the proto-
type, and its modelling by the IROM equation as in Eq. (5.38), as well as the selected Vm0
also captured this increased stiffness of the prototype.
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Table 5.2: Comparison of chamber extension values between model predictions and
experimental data for Prototype A, Prototype B and Prototype C.
Pressure
Ch. Extension
of Prototype A
% error
Ch. Extension
of Prototype B
% error
Ch. Extension
of Prototype C
% error
Model Exp. Model Exp. Model Exp.
0.2 2.27 0.94 58.76 3.47 2.86 17.62 3.47 3.026 12.818
0.4 13.54 10.90 19.53 8.34 7.19 13.73 8.34 7.596 8.876
0.6 43.57 35.84 17.74 14.12 13.23 6.27 14.12 13.956 1.144
0.8 60.14 62.01 3.11 25.20 24.57 2.49 25.20 26.857 6.574
1.0 69.47 70.32 1.23 32.81 31.97 2.56 32.81 34.051 3.779
0.8 65.63 68.10 3.77 25.96 27.31 5.19 25.96 28.658 10.395
0.6 55.02 48.87 11.18 16.85 16.33 3.09 16.85 17.933 6.437
0.4 26.34 21.12 19.84 10.37 8.81 14.99 10.37 11.865 14.444
0.2 4.05 2.71 32.99 4.33 3.84 11.42 4.33 5.114 18.111
Table 5.2 presents a comparison between the experimental data and the predictions for all
three prototypes A, B and C. For all three manipulators, the percentage of error between
the model predictions and the experimental data was higher when the actuation pressure
was below 0.4 bar compared to when it is actuated at higher pressure, with Prototype A
possessing a significantly higher percentage of error compared to Prototype B and C. These
discrepancies at lower range is due to the initial gas filled-in phase where the air under
low injected pressure took some time to occupy the space within the pressure chamber.
The bigger error for Prototype A is contributed by the overall structure of the manipulator
itself. As explained in Section 4.1, the braiding of the sheath of this prototype was not
directly moulded to the silicone wall creating a small gap between the outer silicone wall
and the inner braid wall. At low pressure, the pneumatic chamber expanded without any
mechanism to constrain its lateral expansion, which caused the chamber to balloon sideways,
creating only slight extension of the manipulator. The manipulator extended and bent more
efficiently once the gap vanished and the outer silicone wall was in direct contact with the
crimped braid sheath. This initial ballooning phase, braid-silicone interaction effects, braid
stiffness and some random distortions during actuation were not modelled in the proposed
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model, contributing to the discrepancies between the predictions and the experimental data,
especially in the lower pressure range.
The model predicted the behaviour of all the manipulators better as the pressure is in-
creased. For Prototype A, the performance improved after 0.6 bar as depicted in Fig-
ure 5.7(b) with the percentage of error between 3% to 15%. However, there is still con-
siderable absolute error at high pressure for Prototype A, about 7 mm difference in the
chamber length at 0.7 bar for an experimental length extension of about 60 mm. This
is attributed to the localised ballooning of Prototype A in the experiment which caused
extra bending at high actuation pressure whereas this ballooning was not incorporated in
the model. Without individually constraining each of the chambers separately, applica-
tion of pressure to an actuation chamber caused the chamber of Prototype A to change its
cross-sectional area. The increase in cross-sectional area caused the resultant force from
the the pressure acting on that cross-section to increase its value; taking into account the
high degree of non-linearity in hyperelastic behaviour of silicone; contributes to the higher
discrepancies between the experimental and simulation data for Prototype A. For Prototype
B, as illustrated in Figure 5.10(b), the percentage of error between the predictions and the
experimental data dropped to below 7% (between 2% to 6.5%) for a pressure higher than
0.4 bar. This can be justified by the absence of ballooning in each pneumatically actuated
chamber constrained by the fibre-reinforced layer, which means that the model represents
the experimental prototype very well, for Prototype B. Similar test was conducted as in
Figure 5.10(b) for Prototype C to investigate the model prediction in comparison to the
actual physical behaviour of this prototype. It was observed that Prototype C exhibited
a similar behaviour to that of Prototype B even with the presence of granules within the
silicone module.
Comparison with Model in the Literature
The results of the proposed model were compared with two other models, presented by
Godage et al. [127] and Sadathi et al [147]. As already presented earlier in this chapter,
Godage et al. model the non-linearity and hysteresis using Bouc-Wen hysteresis model,
while Sadathi et al. applied a modified Lagrange polynomial using Ritz and Ritz-Galerkin
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Table 5.3: Comparison of chamber extension values between the proposed material-
based model with approach by Godage et al. [127] and Sadathi et al. [147] .
Pressure Length
(Exp)
Proposed
Model
% error Godage [127] % error Sadathi [147] % error
0 0 0 0 0 0 0 0
0.2 1.96 2.57 31.12 1.90 3.06 2.79 42.35
0.4 6.89 8.34 21.04 5.80 15.82 8.79 27.58
0.6 13.23 14.12 6.73 12.40 6.27 14.72 11.26
0.8 24.57 23.5 4.35 23.20 5.58 25.53 3.91
1 31.97 32.89 2.88 32.71 2.31 33.19 3.82
0.8 26.31 25.94 1.41 27.31 3.80 27.65 5.09
0.6 16.33 16.85 3.18 15.73 3.67 17.33 6.12
0.4 8.81 10.37 17.71 7.99 9.31 11.17 26.79
0.2 3.84 4.53 17.97 3.21 16.41 4.73 23.18
Methods. Among all of the available dynamics model, these two models give good per-
formance and was tested on a system similar to the system used in this study, hence, the
comparison is made with these models. Table 5.3 compares the results obtained in this
section with the two models. Based on this Table, it can be seen that Godage et al. ap-
proach is superior and have the lowest percentage of error at low pressure of less than 0.4
bar compared to the proposed material-based model and Sadathi et al. approach. At higher
pressure range, both the material-based model as well as Godage et al. model has similar
performance with percentage of error in the range between 2% to 4%.
Although Godage et al model performed better compared to the proposed material model,
this model is not rate dependent. the Bouc Wen hysteresis model parameters need to be
re-evaluated at different rate of actuation for this model to hold true at dynamic condi-
tion because the behaviour and degree of non-linearity of silicone module changes as the
actuation rate changes. The material based model is rate dependent and therefore can be
employed for both static and dynamic condition, and for different rate of actuation. Further
discussion on ate dependency and dynamic testing of the proposed model can be found later
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in this chapter.
5.5.2 General Multi-Chamber Actuation System
The performance of the model under actuation of more than one chambers was tested to
validate the proposed model in the presence of forces applied by more than one chambers.
Equation (5.58) was simulated and the results were compared to the characterisation test
data of the physical system. Three test cases were performed as described below:
Case 1 - Two chamber actuation
Case 2 - Three chamber actuation where the pressure of two of the chambers was kept low
(below 0.4 bar)
Case 3 - Three chamber actuation where the pressure of two of the chambers was above 0.4
bar
For all three cases, the changes in length for all three chambers were measured. These tests
aimed at validating the output of the model either when not all the chambers were actuated
or all three chambers were pressurized.
Prototype A
For Case1, a step input pressure command at t = 10s was applied to the pneumatic chamber
as follows:
PCase1,P rototypeA =
[
0.3 0 a1
]
(5.59)
where a1 is a step-on-step input pressure as in Figure 5.11(a), ranging from 0 to 1 bar
with 0.2 bar increments. Figures 5.11(b) - (e) compare the changes in length and bending
angle between the model prediction and the experimental data in response to the described
pressure input. For Case2 and Case3 the input pressures to the manipulator are as fol-
lows:
PCase2,P rototypeA =
[
0.3 0.3 a2
]
(5.60)
PCase3,P rototypeA =
[
0.4 0.5 a3
]
(5.61)
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Similarly, a2 and a3 are the step-on-step input pressures starting from 0 to 0.8 bar with
0.2 bar increment, as in Figure 5.12(a) and 5.13(a), respectively. The result for imposing
Eq. (5.60) is illustrated in Figure 5.12(b) - (e) and the results for Eq. (5.61) are shown in
Figure 5.13(b) - (e).
Prototype B
For Prototype B, the input pressures for the validation testing are as follows:
PCase1,P rototypeB =
[
0.3 0 b1
]
(5.62)
PCase3,P rototypeB =
[
0.4 0.5 b2
]
(5.63)
where b1 and b2 are step-on-step input pressure starting at t = 8s, ranging from 0 to 1 bar
with 0.2 bar increments as illustrated in Figure 5.14a and Figure 5.15a. Based on the
workspace analysis described in 4.2.2, Prototype B is expected to perform similarly when
the pressure within any of the chamber is either at low or high pressure ranges. Therefore,
only Case3 test was conducted for the three chamber actuation. The results for the two
and three chamber actuation for Prototype B are as shown in Figure 5.14(b)-(e) and Figure
5.15(b)-(e), respectively.
5.5.3 Discussion
Figure 5.11(b) - (e) compares the theoretically predicted and experimentally measured
chamber extension and bending angle of Prototype A under two chamber actuation and
Figure 5.11(f) summarises the results in terms of percentage of error between predictions
and experimental data for each pressure step imposed within the actuation chambers. The
percentage of error considers the average error between the extension phase (when pressure
is increased) and the contraction phase (when pressure is reduced) and is plotted against
the pressure increment of chamber 3. Based on these figures, it can be seen that for Case1
of Prototype A, the percentage of error was between 60% to 97% at pressure below 0.4 bar
for all three chamber lengths, and dropped to below 50% at 0.6 bar, and reduced further
to below 20% from 0.8 bar onward. The results for Case2 and Case3 are presented in
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(a) (b)
(c) (d)
(e) (f)
Figure 5.11: Two chamber actuation open-loop control test for Prototype A: Experimental data and
model prediction signal for each actuation chamber (a) Input pressure, (b), (c), (d) length change
for chamber 1, 2 and 3, respectively, (e) bending angle of the three chamber module (according to its
tip position) and (f) percentage of error between the simulation and experiment for each input step
for chamber length and module bending error.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.12: Three chamber actuation open-loop control test for Prototype A: Experimental data and
model prediction signal for each actuation chamber (a) Input pressure, (b), (c), (d) length change
for chamber 1, 2 and 3, respectively, (e) bending angle of the three chamber module (according to its
tip position) and (f) percentage of error between the simulation and experiment for each input step
for chamber length and module bending error.
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(a) (b)
(c) (d)
Figure 5.13: Three chamber actuation open-loop control test for Prototype A when chamber 1 and 2
were first actuated to a considerably high pressure: Experimental data and model prediction signal
for each actuation chamber (a) Input pressure, (b), (c), (d) length change for chamber 1, 2 and 3
respectively.
Figure 5.12 and 5.13, respectively. While in both of these cases, three chambers were
actuated, the outcome vary significantly. For Case2, the percentage of error when the
pressure increment in chamber 3 was between 0 to 0.4 bar was between 20% to 60% (except
for the length of chamber 1 in which the error started at 12%). This error dropped to below
15% at 0.6 bar and continued to decline as the pressure was further increased. These results
for Case1 and Case2 of Prototype A agrees with the single chamber test described in the
previous section. However, for Case3, the percentage of error remained high at above 40%
up until 0.6 bar and dropped to around 13% when the pressure reached 0.8 bar. This large
error is due to the change in cross-sectional area of the chamber as it was actuated, which
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(a) (b)
(c) (d)
(e) (f)
Figure 5.14: Two chamber actuation open-loop control test for Prototype B: Experimental data and
model prediction signal for each actuation chamber (a) Input pressure, (b), (c), (d) length change
for chamber 1, 2 and 3, respectively, (e) bending angle of the three chamber module (according to its
tip position) and (f) percentage of error between the simulation and experiment for each input step
for chamber length and module bending error.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.15: Three chamber actuation open-loop control test for Prototype B: Experimental data and
model prediction signal for each actuation chamber (a) Input pressure, (b), (c), (d) length change
for chamber 1, 2 and 3, respectively, (e) bending angle of the three chamber module (according to its
tip position) and (f) percentage of error between the simulation and experiment for each input step
for chamber length and module bending error.
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Figure 5.16: Performance of the proposed model based on multi-chamber actuation tests
led to cross-talk among chambers, creating inefficient bending, as explained in Section 4.2.2.
The agreement between the simulation data and the physical system improved only when the
pressure of the actuating chamber (in this case chamber 3) was high enough to counteract
the changes of the cross-sectional area of the other two chambers that were first actuated
at 0.4 bar and 0.5 bar respectively. However, the error was still relatively high as the model
did not capture the non-linearity due to this cross-talk between the chambers from the
changing cross-section, and other factors that have been previously discussed.
For Prototype B, discrepancies were observed at low pressure (below 0.4 bar) with error
between 10% to 35% for Case1 and between 7% to 13% for Case3. The agreement between
the model and experimental data improved as the pressure was increased, with the percent-
age of error below 10% for Case1 and below 5% for Case3 after 0.8 bar for all three chamber
lengths, which agrees with the single chamber actuation test. The factors that contributed
to these discrepancies at lower pressure is as explained in the single chamber actuation tests
in Section 5.5.1. The higher chamber pressure imposed in two of the chambers for Case3
did not affect the performance of the model for Prototype B (Figure 5.15) compared to Pro-
totype A (Figure 5.13). This is due to the fibre reinforcement of the individual chamber,
which prohibits the ballooning and changing of cross-section even when the chambers has
been actuated to considerably high pressure.
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Table 5.4: Simulation of chamber extension value for system with and without Cori-
olis & Centrifugal term for Prototype A and Prototype B
P1 P2 P3
with C(q, q˙) without C(q, q˙) Difference (mm)
Ch.1 Ch.2 Ch.3 Ch.1 Ch.2 Ch.3 Ch.1 Ch.2 Ch.3
PROTOTYPE A
0.3 0.3 0.2 13.002 12.028 9.620 13.539 12.715 10.289 0.537 0.689 0.667
0.3 0.3 0.4 24.343 23.391 26.069 25.059 22.756 25.285 0.716 0.635 0.784
0.3 0.3 0.6 57.010 56.079 64.423 57.355 56.466 64.826 0.345 0.388 0.404
0.3 0.3 0.8 65.411 64.463 74.830 65.123 64.737 75.135 0.288 0.275 0.306
0.3 0.3 0.6 61.156 60.217 69.510 61.90 60.928 70.496 0.744 0.711 0.986
0.3 0.3 0.4 25.093 24.140 30.030 24.937 23.951 29.826 0.156 0.189 0.204
0.3 0.3 0.2 13.692 12.712 10.388 14.065 13.115 10.839 0.373 0.403 0.452
PROTOTYPE B
0.2 0.4 0.5 9.436 13.197 15.123 9.548 13.040 15.255 0.112 0.157 0.132
0.4 0.4 0.5 12.885 13.312 15.693 12.682 13.655 15.941 0.203 0.343 0.248
0.6 0.4 0.5 20.104 16.314 18.863 20.977 15.680 18.097 0.874 0.635 0.766
0.8 0.4 0.5 27.406 20.540 22.236 27.857 21.071 22.726 0.452 0.532 0.490
1.0 0.4 0.5 32.603 25.610 28.279 32.976 25.944 28.580 0.373 0.333 0.301
0.8 0.4 0.5 28.131 20.936 23.667 28.517 21.352 24.085 0.387 0.416 0.418
0.6 0.4 0.5 18.960 15.506 18.090 18.228 14.919 18.701 0.732 0.587 0.612
0.4 0.4 0.5 13.340 14.004 16.568 13.697 14.431 16.937 0.356 0.427 0.370
0.2 0.4 0.5 8.908 12.522 14.438 9.113 12.710 14.268 0.205 0.188 0.170
Case1 and Case2 test were also conducted for Prototype C and the results are summarised
in terms of average percentage of error for chambers extension and bending angle in Fig-
ure 5.16. Figure 5.16 gathers and compares the percentage of error for the multi-chamber
tests for all three prototypes. Based on this figure, it can be seen that the proposed model
predicted the behaviour of Prototype B and C the best compared to Prototype A, which is
reflected by the lower percentage of error. The good agreement between the model with the
experimental data for Prototypes B and C can be attributed to the lack of ballooning in the
actuated chambers for these two prototypes due to the fibre-reinforcing layer surrounding
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each individual pneumatic chamber in Prototypes B and C.
The experimental results presented in this section were compared with the simulation of
Eq. (5.58), where the centrifugal and Coriollis term,C(q, q˙), was omitted. This approach
did not affect the performance of the model as the contribution of these terms to the overall
output is quite insignificant. Table 5.4 compares the result of the simulation with and
without the C(q, q˙) term. As shown in the last column of this table, a maximum difference
of less than 1 mm for each level of actuation pressure was observed when this term is included
in the model. Furthermore, when omitting the C(q, q˙) term, the computational time was
reduced from 50s to 10s for Prototype A and 58s to 12s for Prototype B, to complete the
simulation for the pressure ranges presented in Table 5.4. This tremendous improvement
in computational time is demanded especially for real-time control of this manipulator and
it justifies the omission of the C(q, q˙) term from the dynamic model.
5.5.4 Dynamic Testing
The mathematical description of the visco-hyperelastic term involves time derivatives in
the form of strain rate and shear rate for the viscous term. While the results presented so
far show good agreement between the model and the non-linear behaviour of the model, it
does not properly capture the time dependence behaviour arising from the viscous terms
of the model. To test the accuracy of the selected η term in Eq. (5.34) and the time
dependency of the material, dynamic testing was carried out comprising the change of
actuation pressure of one chamber at different rates, to observe any viscoelastic effect in
both the experiment and the simulations, which should be more intensive at higher rates
of pressure change. These tests were a follow-on of the test of Figure 5.12 and Figure 5.15,
consisting of constant pressure in chamber 1 and 2 at 0.3 bar for Prototype A, and 0.4 bar
and 0.5 bar respectively for Prototype B while the pressure in chamber 3 was changed at
different rates. A stepwise change of pressure from 0 bar to 1.0 bar and back to 0 at different
rates in consecutive cycles from 0.04 bar/s to 0.666 bar/s was imposed on chamber 3 for
Prototype A and a maximum of 1.2 bar for Prototype B.
Figure 5.17 shows the comparison between the experimental and simulation results of the
extension of the module central line versus the pressure of chamber 1 for different rates of
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(a) (b) (c)
(d) (e)
(f) (g)
Figure 5.17: Multi-chamber actuation dynamic tests and simulation results for Prototype A. Input
pressure to Chamber 1 and Chamber 2 was kept constant at 0.3 bar. Input to Chamber 3 was varied
in 12 steps from 0 to 1.0 bar and back to 0 in consecutive cycles at different rates as follows: (a)
0.04 bar/s (b) 0.05 bar/s, (c) 0.066 bar/s, (d) 0.1 bar/s, (e) 0.2 bar/s, (f) 0.4 bar/s and (g) 0.66
bar/s.
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(a) (b) (c)
(d) (e)
(f) (g)
Figure 5.18: Multi-chamber actuation dynamic tests and simulation results for Prototype B. Input
pressure to Chamber 1 and Chamber 2 was kept constant at 0.4 bar and 0.5 bar, respectively. Input
to Chamber 3 was varied in 12 steps from 0 to 1.2 bar and back to 0 in consecutive cycles at different
rates as follows: (a) 0.04 bar/s (b) 0.05 bar/s, (c) 0.066 bar/s, (d) 0.1 bar/s, (e) 0.2 bar/s, (f)
0.4 bar/s and (g) 0.66 bar/s.
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pressure change in this chamber for Prototype A. It can clearly be seen that higher rates of
pressure change cause more severe hysteresis which is due to the viscous effects associated
with the corresponding higher rates of module deformation, and this is captured by both
the experimental and simulation results. Similar observation is shown for Prototype B as
illustrated in Figure 5.18. As expected, the results for Prototype B show excellent agreement
between the model predictions and the experimental data in comparison to Prototype A.
Prototype B seems to suffer less from viscous effects compared to Prototype A due to
the reinforcing elastic fibre layer around each chamber in Prototype B. This dynamic test
demonstrates the need and usefulness of the novel visco-hyperelastic material model in the
dynamic continuum model of this study to model soft robot actuation at different rates, an
element that is lacking from all the existing dynamic models in the literature for this class
of continuum robot.
5.6 Model Implementation in Real-time Control
A model-based closed-loop control was implemented as in Fig. 5.19, incorporating the
material-based dynamic model of the soft robotic module developed in this Chapter. The
control implementation is to demonstrate the capability of the model in using the actual
pressure information to estimate the length of each chamber in tracking the desired trajec-
tory. The control algorithm was executed on IntelR CoreTM i5 3230M @ 2.6 GHz processor.
Prototype B was used for this purpose since the proposed model delivered the best predic-
tion of the manipulator's behaviour. The model equation was discretized with respect to
time to allow for the numerical evaluation in producing the length information at every
control timestep. The tested input trajectory to the system was an ellipse as shown in Fig.
5.20. This particular trajectory considers the operation of the manipulator after 0.4 bar
pressure as the model emulates the true behaviour of the silicone. An inverse Jacobian as de-
scribed in [33] was used to convert the cartesian coordinates into the desired module length,
bending and orientation angle {L, θ, φ} to achieve the set trajectory which is described by
the required length {L1d, L2d, L3d} of each channel according to the inverse relations. The
controller was driven by the error signal between the desired trajectory and the {L, θ, φ}
values provided by the model. The output of the controller was fed back to the model block
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to update the current length of each chamber. Based on Fig. 5.20, it can be concluded that
the proposed novel visco-hyperelastic material-based continuum mechanics dynamic model
is reliable in tracking the desired trajectory. By examining the individual chamber length
from Fig. 5.21, it can be observed that there is some mismatch at multiple points across
the entire duration of the experiment. Nonetheless, this error is within 0.5 to 2.0 mm range
only as opposed to 1.0 to 4.0 mm range without the presence of the controller, reaching a
maximum cumulative error of 5 mm between the desired and experimental trajectory as
shown in Fig. 5.20.
Figure 5.19: Model based feedback control.
Figure 5.20: Comparison of real-time trajectory tracking, where the experimental data are the result
of model based feedback control using the visco-hyperelastic material-based continuum mechanics
dynamic approach.
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(a)
(b)
(c)
Figure 5.21: Closed-loop control: comparison between the desired length and real-time length produced
by the model based feedback control in tracking the set trajectory for three chambers actuation system
for each individual chamber
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A parametric study was conducted in which the number of timesteps for the same trajectory
as in Fig. 5.20 was increased from 30 to 40 to investigate whether the novel dynamic visco-
hyperelastic material continuum model proposed in this study can fully keep up with the
real-time control. It was concluded that the computational time of each timestep run of
this program was 1.55s. Thus, the model was fully active for all timesteps up to the 36
timesteps, but then it started skipping timesteps after the real-time step became shorter
than 1.45s and, for these cases, the control quality decreased.
5.7 Conclusions
The review of the state-of-the-art of soft continuum manipulators reveals that there is a gap
in understanding how to model nonlinearity and hysteresis under dynamic conditions and a
lack of material modelling. The proposed model helps to advance the state-of-the art of dy-
namic modeling by introducing a novel material based dynamic model for multi-chambered
soft continuum manipulators that is suitable for real-time control. The model presented is
based on the constitutive law of material behaviour to capture the true dynamics of the soft
actuator. A modified Kelvin-Voigt model was used to embody the visco-hyperelasticity dy-
namics of soft silicone used in the fabrication of the soft manipulator. Lagrangian approach
was applied to derive the overall equation of motion. The prototypes with fibre reinforce-
ment around each chamber were modelled according to the inverse rule of mixture (IROM)
for composite materials for the fibre-reinforced composite layers, which was added to the
visco-hyperelastic material model for the soft silicone to capture the change in stiffness of
these prototypes.
The model has been validated in real-time for single chamber and multi-chamber actuation
systems and the approach presented in this chapter has sufficiently captured the non-linear
behaviour and hysteresis exhibited by the soft actuator developed in this study, including the
effects of dynamic conditions. The proposed model predicted the behaviour of Prototypes
B and C better than Prototype A as Prototype A exhibited ballooning of the actuated
chamber, which was not included in the model. A model-based closed-loop control was
implemented to demonstrate the applicability of the proposed innovative model to feedback
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control. The controller design successfully tracked the desired trajectory. This model can
also be generalised to other materials by changing the parameters of the constitutive model
to fit the stress-strain mechanical testing data for any material.
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Chapter 6
Robustness Analysis and Control
of Soft Continuum Manipulator
Modelling the stiffness or compliance of a soft robot manipulator for controlling its tip is of
prime importance to successfully perform contact and non-contact tasks. In fact, the stiff-
ness of robot manipulators generally represents the accuracy required to satisfy the desired
position and force commands [148][149][150]. Although the emerging technology of soft
continuum manipulator exhibits a high level of dexterity and enables safe navigation within
unstructured environment, [151, 152], it lacks the desired distal stiffness to perform precise
contact task, such as tissue manipulation, as the structure itself offers limited backbone
stiffness. The desired criteria for a fully operational soft robot for surgical purposes is the
capability to safely navigate through complex anatomical pathways while maintaining the
stability of the distal tip in the presence of unknown perturbations. Robust and stable real-
time stiffness control is indispensable for adaptation of the soft robotics system in surgical
application. Controllable stiffness is critical for undertaking procedures using soft surgical
robots. Often, due to safety reasons, reduced stiffness at the tip of the soft manipulator
is preferred whilst navigating but greater stiffness is essential to undertake useful tissue
manipulation with surgical tools. Furthermore, the information on the forces exerted at
the distal end of the robot manipulator and an appropriate closed-loop feedback control
will enable precise manipulation, thus improving the robustness of the system, as well as
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patient safety.
Stiffness control in soft or continuum robots is challenging because the mapping of the
kinematics and force between the embedded actuators and the tip is coupled. This is
different from the case of rigid manipulators which have decoupled mapping and inherent
stiffness [116, 117, 153, 154]. In addition, due to the difficulty in sensing the stiffness of
continuum robots, the typical stiffness control in continuum robots, such as the method
developed by [155], is usually achieved via controlling the deflection using position control
without sensing the force or stiffness. Invariably, the methods of stiffness control for a soft
manipulator discussed in the literature are based on an approximation of the robots'coupled
kinematics and force mapping, which are used in continuum robots such as the concentric
tube robots and tendon-driven robots [90, 156, 157].
A survey of literature has revealed that most studies have focused on developing accurate
position control [53, 156, 158] and apart from [155] and [159], there is no solid research on
the analyses and control of the stiffness of a continuum manipulator. Furthermore, it has
been shown that this type of manipulator exhibits a high degree of non-linearity due to the
high frictional effect that complicates the controller design [72, 127].
To date, the methods of tunable or variable stiffness that have been proposed for soft contin-
uum manipulator are mostly through passive compliance control. The passive compliance
is provided through tendon-driven [160], [161], [113], [162], shape memory alloy actuated
[163], [164] [165], and granular jamming [88], [111], [166]. Although these systems are
capable of providing the necessary stiffness, they require additional actuation mechanism
to be incorporated along or within the soft robot manipulator and thus complicates the
mechanical structure of the soft manipulator. Moreover, complexities in design will result
in undesirable non-linear behavior that will degrade the steerability of the soft manipulator.
Active compliance methods for continuum robots, whereby the stiffness or compliance char-
acteristic is commanded through an intelligent control algorithm, have been investigated in
[155] and [159]. The research by Mahvash and Dupont [155] introduces active stiffness
control through approximation by a Cosserat rod and the algorithm has been successfully
implemented to a single segment flexible robot. Thus far, the only research that has in-
vestigated compliance or stiffness control for a multi-segment arm is presented in [159].
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Goldman et al. [159] modelled the mapping of the environment wrenches to a generalised
force in the configuration space of a continuum segment to realize the compliant motion
control and used the support vector regression to model the uncertainties. While both
studies in [155] and [159] demonstrated good experimental results, the stiffness control is
achieved without explicit knowledge of the interaction force.
Section 4.3 addressed the stiffness identification and characterisation of the three prototypes
used in this study. This analysis concludes that the inherent stiffness of the soft manipulator
is dynamic in nature, which depends on its position within the defined workspace. There-
fore, there is the need to formulate a variable stiffness matrix to accommodate the varying
stiffness characteristics of the soft manipulator. This chapter presents a new methodology
for formulating the variable stiffness matrix, and thereby designing a real-time tunable stiff-
ness control that can be applied to systems with and without in-built stiffening to achieve
better robustness against disturbances at the tip of the robot. The aim is to exploit the nat-
ural compliance of the soft manipulator in providing the variable stiffness along its length
to reject the lateral and normal disturbances. An empirical approach was employed in for-
mulating the dynamic stiffness matrix for the purpose of real-time control. This method
provides a more accurate description of the characteristics of the soft manipulator, captures
the varying stiffness effect of the actuated arm and consequently offers a more accurate
and desirable feedback control response in real-time. The derived matrix was employed
to increase robustness of the soft manipulator and was first implemented and verified for
a system without in-built stiffness mechanism by demonstrating its capability in rejecting
the presence of external disturbances. The proposed method was then implemented to a
system with in-built stiffness mechanism to investigate the performance of the proposed
granular jamming mechanism and its impact on the overall stiffness and robustness of the
system.
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6.1 Tunable Stiffness Matrix Formulation
6.1.1 Background
This section explains the new method to determine the tunable stiffness matrix of the
soft continuum manipulator without an in-built stiffness control mechanism, such as the
granular jamming. The methodology presented here can also be generalized to soft robots
with in-built granular jamming mechanism for enhanced stiffening. This approach takes
into account the following advantages of the prototypes presented in this study, such as: (1)
the availability of a compact moment/force sensor developed by Noh et al. [95] that can be
easily mounted at the tip or at the base of the soft module; and (2) the ability to control
chamber pressure accurately which is critical for stiffness and force control. Therefore, a
preliminary investigation was conducted on how to exploit these features to control the
stiffness/force at the tip of the prototypes, in order to resist external disturbances.
The stiffness matrix derived is based on the Euler Bernoulli beam theory [41] and Hooke's
Law. Elongation at any point along the module can be described using Hooke's Law
[167],
∆dl =
Fp
EA
dl, (6.1)
where dl is the length of the small fragment of the chamber in (m), δdl is the change in the
length of the chamber due to pressure in (m), Fp is the force generated by actuating the
pressure chambers in (N), A is the cross-sectional area of the silicone module in (m2), and
E is the Young's modulus of the material in (N/m2). The Euler-Bernoulli beam equation
as in Eq.(6.2) and (6.3) was used to determine the bend, θ, along the module after the
application of the external forces [93],
dθ
ds
=
M0
EI
(6.2)
θ =
∫
s
M0
EI
ds =
M0L
EI
(6.3)
where M0 is the bending moment of the manipulator in (Nm), I is the second moment of
inertia of the module in (m4) and L is the length of the manipulator in (m).
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6.1.2 Mathematical Formulation
Typically, the stiffness of rigid robots is a factor of its material properties and is constant
for all operating configurations. The stiffness matrix K that relates the force at the tip to
the displacements of all joints is [168]:
F = Kd (6.4)
where F is the force (n dimensional vector) at the tip in (N) , d is the displacements of
the joints (n dimensional vector) in (m), and K is the stiffness matrix in (N/m). However,
a constant stiffness matrix is not suitable for use in the case of the soft manipulator as
previously explained. In this study, a new strategy for generalising the dynamic stiffness
matrix is presented by finding out the force exerted by the manipulator in a particular
configuration and direction.
The workspace of the manipulator was categorised into four possible configurations which
are the three tri-sectors of operation and elongation. Each sector occupies a space of 120◦
around the module’s axial length, as seen in Figure 6.1(a), which was determined by the
pressures in the opposing chambers. The stiffness matrix derived based on this approach
mapped the forces in the Cartesian coordinate, which has a symmetry of 90o as seen in Fig-
ure 6.1(b), to the length of the module, which is symmetrical around a tri-sector symmetry
i.e., a 120◦ coordinate system as seen in Figure 6.1(a).
As illustrated in Figure 6.2(a), the process of determining the empirical relationship between
change in pressure and the resulting force/moment of the tip of the single soft module
involved constraining the tip and base of the soft manipulator as the pressure within the
chamber was incrementally increased. A small change in pressure, dP , as shown in Figure
6.2(b) was applied within chamber i and the forces or moment generated at the tip of
the module was measured using the force sensor developed by Noh et al. [95]. Repeating
the experiment for different pressure levels, and for all the four workspaces defined above,
allows for the estimation of the trends between the applied force and the pressure. The
pressure range covered in determining this empirical relationship was between 0.3 to 1 bar
for Prototype A and 0.3 to 1.4 bar for Prototypes B and C, which corresponded to the
operational range of these prototypes. Figures 6.3 and 6.4 show the force effects of pressure
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(a) Tri-sectors around the axial centre
(b) Frames of reference for the force sensor
Figure 6.1: Coordinate frames of reference and symmetrical actuations of the module (alternating
chambers using the same pressure will not correspond to a “symmetrical” force distribution on the
force sensor at the tip).
change investigated for different pressure values for Prototype A and B, respectively. The
results for Prototype C were similar to Prototype B and therefore is not presented here.
These figures illustrate variation in moment (Mx, My) and force (Fz) acting on the tip of
the soft manipulator corresponding to incremental changes in pressure for each of the three
chambers. As evident from Figure 6.3 and 6.4, the relationship can be approximated to be
linear, as in Eq. (6.5), for the chosen range of operation.
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(a) A module with a constrained tip (b) Chamber pressures
Figure 6.2: Experimental setup used to evaluate the relationship between pressure and force.
(a) Linear fitting in chamber 1 (b) Linear fitting in chamber 2 (c) Linear fitting in chamber 3
Figure 6.3: Linear fitting between the change in force and the applied pressure of Prototype A.
(a) Linear fitting in chamber 1 (b) Linear fitting in chamber 2 (c) Linear fitting in chamber 3
Figure 6.4: Linear fitting between the change in force and the applied pressure of Prototype B.
dMx,y = Bi,x,y dPi + Ci,x,y,
dFz = Bi,z dPi + Ci,z,
(6.5)
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where dMx and dMy are the moments at each axis in (Nm), dFz is the force along the z -axis
in (N), B is a constant in (m2), dP is the change in pressure of each individual chamber in
(bar), Cx,y is a constant in (Nm), Cz is a constant in (N) and i ∈ {1, 2, 3} is an index to
the chambers'number.
The chamber pressure can be used to calculate the force applied by each chamber on the
module as in Eq. (6.6)
Fi = PiAch, (6.6)
where Fi is the force exerted onto each chamber's cross-section in (N), Pi is pressure in
(N/m), and Ach is the cross-sectional area of the chamber in (m
2), and based on Eq. (6.1),
the change in length of the individual chamber is presented in Eq. (6.7).
∆dli =
FT
EA
dli =
dPiAch
EA
dli, (6.7)
where A is the area of the silicone module without the chamber (cross-section area minus
the area of the three chambers) in (m2).
Rewriting Eq. (6.5) in terms of pressure yields:
dPi =
dMx,y/dFz − Ci,xyz
Bi,xyz
(6.8)
Substituting (6.8) into Eq. (6.7) yields the following relationship:
∆dli =
(dMx,y/dFz − Ci,xyz
Bi,xyz
)
Ach
EA
dli (6.9)
thus establishing a dynamic relationship between length and moment/force (or the stiffness)
as in (6.10)
Ki,xyz =
(Bi,xyz
dli
)EA
Ach
(6.10)
The change in length is defined as the compliance matrix multiplied by the force vector
measured by the force sensor [95] and is given by Eq. (6.11)
∆dl = K−1F (6.11)
where each element of F is a calibrated force/moment value defined as F = dMx,y/dFz − Ci,xyz.
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The inverse of the stiffness matrix i.e., the compliance matrix is
K−1 =

Kx(dl1) Ky(dl1) Kz(dl1)
Kx(dl2) Ky(dl2) Kz(dl2)
Kx(dl3) Ky(dl3) Kz(dl3)

−1
(6.12)
where each element of K−1 is the reciprocal of Eq. (6.10).
The advantage of this method of generalising the stiffness matrix is that it can be used to
characterise any pneumatically actuated soft manipulators.
6.2 Robustness of Tunable Stiffness Controller
6.2.1 Implementation
The efficacy of the tunable stiffness controller in rejecting external perturbations was veri-
fied experimentally. Figure 6.5 illustrates the experimental setup used to test the feasibility
of the formulated stiffness matrix. The deflection and tip position of the manipulator
(Xc, Yc, Zc) was measured using the NDI Aurora sensor [99]. In this setup, Aurora sen-
sors were used, to measure the position of the STIFF-FLOP manipulator within its 3D
workspace, identifying the operational tri-sector, which in turn allowed the selection of the
appropriate stiffness matrix. A low-level closed-loop pressure controller explained in Section
3.1.2 was employed to maintain the actuation pressure the desired value. The algorithm
used in implementing this method was designed to input and continuously alter the desired
pressure level into this low-level pressure controller based on interaction forces of the soft
module. The Mitsubishi MELFA RV-1A industrial robot was programmed to exert forces
on to the soft module prototypes to simulate external disturbance forces.
The overall closed-loop control architecture used for the stiffness control through disturbance
rejection is shown in Figure 6.6.
Initially, a the prototypes is set to reach the desired tip position (Xd, Yd, Zd) whereby the
position controller would calculate the length for each chamber (l1d, l2d, l3d) required to
achieve the desired tip position based on constant curvature inverse kinematics model (see
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Figure 6.5: Hardware to simulate disturbance rejection control.
Figure 6.6: System control architecture.
[169] for details about inverse kinematics model). The moment/force sensor by Noh et
al. [95] measures any presence of disturbances, dMx,y/dFz which was used by the tunable
stiffness controller to calculate Ki,xyz as in Eq. (6.10) and the change in length, ∆dl, using
Eq. (6.11) to correct the positional error caused by these forces. The overall goal was
to maintain this position despite the presence of any external disturbances. Hence, the
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position controller was always operational throughout the experiment. In the presence of
any disturbances, the algorithm generated the compliance matrix as in Eq. (6.12) based
on the force/moment generated by the application of external forces, measured by the
force sensor mounted at the based of the manipulator. This matrix is generated online in
real-time to persistently resist any external disturbances. This dynamic stiffness matrix
would be used by the stiffness controller to identify the necessary changes in length, ∆dl,
to compensate for the disturbances and to continuously update the position controller to
maintain the desired value in real-time. This change in length was used to re-evaluate the
total chamber lengths set by the position controller. The tip position was continuously
monitored to ensure the correct tri-sector was activated.
The disturbance rejection process using the dynamic stiffness matrix is verified and validated
to demonstrate the following:
1. Lateral disturbance rejection: To reject the impact of disturbance when the external
force is applied laterally along the body of the soft manipulator while it is in the
bending configuration.
2. Normal disturbance rejection: To reject the impact of disturbance when external force
is applied normally to the tip of the prototype when it is in the elongation mode, i.e.,
all three chambers have roughly equal pressures (tip disturbance rejection).
In these experiments, all the constant parameters were initialised to the values shown in
Table 6.1.
6.3 Soft Manipulator Without In-built Stiffness
The first scenario under investigation is when the soft manipulator prototype is in the
bending configuration to demonstrate rejection of external forces in lateral direction. While
equation Eq.(6.5) to Eq. (6.11) generates every element of the matrix Eq. (6.12), it is more
effective to reject occurrences of lateral disturbance using only two out of the three cham-
bers. The direction of the external forces was used to determine which two corresponding
chambers should be activated to counteract disturbances. Therefore, some of the elements
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Table 6.1: Initialization Parameter
Parameter Description Value Units
Prototype A
E Young’s modulus 35000 N/m2
A Module cross-sectional area 5.811e-4 m2
Ach Chamber cross-sectional area 2.513e-5 m
2
Prototype B
E Young’s modulus 42000 N/m2
A Module cross-sectional area 4.909e-4 m2
Ach Chamber cross-sectional area 5.025e-5 m
2
Prototype C (jamming activated)
E Young’s modulus 51000 N/m2
A Module cross-sectional area 4.909e-4 m2
Ach Chamber cross-sectional area 5.025e-6 m
2
of the compliance matrix would have a zero entry once the corresponding chambers to be
activated were determined. However, the chamber that was not activated through the com-
pliance matrix may still be actuated since the position controller was always operational
throughout the whole experiment.
The aim of this section is to investigate the robustness of the prototypes designed at various
configurations and tri-sectors with different levels of force ranges. Three test cases was
designed as follows:
1. Case 1 : disturbance rejection against the same range of external forces when the
prototypes are bent at 30o, 60o and 90o, in one of the tri-sectors
2. Case 2 : disturbance rejection against multiple range of external forces when the
prototypes are bent at 60o, in one of the tri-sectors
3. Case 3 : disturbance rejection when the orientation of the prototypes is changed into
another tri-sector
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6.3.1 Lateral Disturbace Rejection: Prototype A
Case 1
The soft manipulator was initialized to bend 60◦ towards sector 3 with internal pressures
of approximately 0.48 bar, 0.4 bar and 0.30 bar for chamber 1, 2 and 3 respectively, as
shown in Figure 6.8(a) and (b). This test was repeated twice; the first being when the only
position controller was activated and the second was when the position control and tunable
stiffness controller worked simultaneously together. Disturbance force as in Figure 6.8(c)
and (d), was exerted laterally, perpendicular to the circumference of the tip module from
orientation angle of approximately 250◦ as illustrated in Figure 6.7. Figure 6.8(e) shows the
tip displacement pattern for the case when the tunable stiffness controller was inactive and
there was no force feedback activation (i.e., only the position controller was operational)
and Figure 6.8(f) shows much lower tip displacement when both force-feedback stiffness
control and position control was activated.
The MELFA robot was controlled to make contact with the soft module prototype (as in
Figure 6.5) that was already at its desired position and configuration, at t = 2.2s. The forces
in the z -direction reached a maximum value of -1.1 N and the moment reached maximum
value of approximately -0.007 Nm in the x and 0.011 Nm in the y-directions (Figure 6.8(a))
for the test when only position control was active and -0.005 Nm in the x and 0.0098 Nm
in the y-directions (Figure 6.8(b)) for the test when the both position and stiffness control
is active. The displacement of the tip position for the experiment that did not use the
tunable stiffness controller was found to be 8 mm in the x, 21.5 mm in the y, and -14.8 mm
in the z -directions as seen after 2.2 seconds (Figure 6.8(e)). The change in the pressure for
the case where the tunable stiffness controller was not activated (Figure 6.8(d)) is caused
by the position controller trying to correct the displacement of the tip, which, without the
disturbance controller, is not sufficient in maintaining the tip position at its desired value.
On the contrary, when the tunable stiffness controller was activated, the pressure in the
chambers were corrected accordingly, to compensate for the change in the length caused
by the disturbances. This action was seen after 2.2 seconds where the pressure increased
in chamber 1 from 0.51 bar to its maximum actuation pressure of 1.0 bar (Figure 6.8(c)).
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(a) Location of the initial tip position
(b) Interaction between the soft continuum module with
the MELFA robot
Figure 6.7: Application of lateral disturbance rejection by the MELFA robot onto the soft continuum
module prototype
Further pressurisation can damage the module, therefore a constrain of 1.0 bar was imposed
for actuation of Prototype A. Similarly, the pressure in chamber 2 increased from 0.4 bar to
0.95 bar. This correction in pressure allowed the module to resist the applied disturbance
force/moments as seen in Figure 6.8(a). As a result, a much smaller displacement was
observed for the tip position where it moved 3.5 mm in the x, 4.9 mm in y, and 6.25
mm in the z - directions, as seen after 2.2 seconds from the start of the experiment, (see
Figure 6.8(f)). The controller in this case was shown to improve the accuracy of the tip
position, during a disturbance, by reducing the error in displacement by approximately
67%.
Similar test was conducted for when the module was bent at 30o and 90o both within
tri-sector 3, using the same moment/force range as in Figure 6.8(a) and (b). Figure 6.9
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(a) Chamber pressure (b) Chamber pressure
(c) Forces applied at the tip (d) Forces applied at the tip
(e) Tip displacement (f) Tip displacement
Figure 6.8: Disturbance rejection of Prototype A bending within tri-sector 3 at 60o bending angle:
(a), (c) and (e) without stiffness controller but with only position controller. (b), (d) and (f) with
tunable stiffness controller, and position controller.
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(a) Force applied at the tip (b) Chamber pressures (c) Tip Displacement
Figure 6.9: Disturbance rejection of Prototype A bending within tri-sector 3 at 30o bending angle:
(a), (b) and (c) are the actuation pressure, force/moment and tip displacement, respectively.
(a) Force applied at the tip (b) Chamber pressures (c) Tip Displacement
Figure 6.10: Disturbance rejection of Prototype A bending within tri-sector 3 at 90o bending angle:
(a), (b) and (c) are the actuation pressure, force/moment and tip displacement, respectively.
presents the results for the case where the initial configuration of the module is 30o. The
module, which initially was actuated at 0.31 bar in chamber 1, 0.37 bar in chamber 2
and 0.18 bar in chamber 3 underwent maximum change in pressure of approximately 0.48
bar and 0.51 bar in chamber 1 and 2, respectively, to reject the external forces imposed
upon it. The maximum tip displacement recorded was 3.5 mm in the x, 4.9 mm in y, and
5.65 mm in the z - directions, as seen after t = 4.2s from the start of the experiment, (see
Figure 6.9(c)). The performance and ability to reject the disturbances was better compared
to when it was actuated at 60o, reflected from the smaller tip displacement pattern, as
the module at its initial state has a higher available pressure that can be utilized to reject
any external disturbances within the same range. The result for initial bending angle of
90o is as illustrated in Figure 6.10. The internal pressure to reach this position was 0.62
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bar, 0.58 bar and 0.33 bar for chamber 1, 2 and 3 respectively as shown in Figure 6.10(b)
before t = 4.2s. As expected, the ability to reject disturbances deteriorated as can be seen
in Figure 6.10(c), with maximum displacement of 5.5 mm in the x, 9.1 mm in y, and
8.23 mm in the z - directions, respectively. This is due to the limited available pressure to
actuate the chamber in order to correct the displacement due to perturbations; therefore,
the system was unable to perform effectively compared to when it was actuated at a lower
bending angle. Nevertheless, these results are still very good in comparison to a system
with no force-feedback, in which case the tip displacement error can go as high as 25 mm
as previously presented in Figure 6.8(e).
Case 2
While Case 1 investigated the robustness of the soft module in counteracting to similar
range of forces in multiple configurations, Case 2 investigated the robustness of the tunable
stiffness controller operating at different range of force/moment. For this test, the soft mod-
ule was actuated to 60o with the pressure within the chambers as shown in Figure 6.11(a)
before t = 3s. Two range of forces were tested consecutively as shown in Figure 6.11(b),
exerted from similar position as in Case 1. The first cycle of disturbances had a maximum
of -0.0024 Nm in x, 0.0065 Nm in y and -0.4 N in z direction, while the second cycle has a
maximum of 0.006 Nm in x, 0.012 Nm in y and -1.15 N in z -directions. As can be seen in
Figure 6.11(c), the overall displacement before t = 10s was smaller, corresponding to the a
lower force/moment range. As seen in Figure 6.11(b), pressure within the module reached
the maximum after t = 10s, prohibiting the module from further actuating to counteract
the larger occurrence of disturbances, which resulted in larger displacements.
Case 3
The desired position of the module was altered to achieve 60o bending angle within tri-sector
3. The pressure value to achieve this configuration was 0.48 bar, 0.22 bar and 0.51 bar for
chamber 1, 2 and 3 respectively, as can be seen in Figure 6.12(a) and (b). External force
as in Figure 6.12(c) and (d) were exerted laterally, i.e. perpendicular to the circumference
of the tip module from an orientation angle of approximately 140o w.r.t of the central
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(a) Chamber pressures
(b) Forces applied at the tip
(c) Tip Displacement
Figure 6.11: Disturbance rejection at two different range of external forces for Prototype A. The
module is bending within tri-sector 3 at 60o bending angle. (a), (b) and (c) are actuation pressure,
force/moment and tip displacement respectively.
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(a) Chamber pressures (b) Chamber pressures
(c) Forces applied at the tip (d) Forces applied at the tip
(e) Tip displacement (f) Tip displacement
Figure 6.12: Disturbance rejection of Prototype A bending within tri-sector 2 at 60o bending angle:
(a), (c) and (e) without stiffness controller but only with position controller. (b), (d) and (f) with
stiffness controller as well as position control.
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axis of the module. For the purpose of comparison, this external force/moment used is
approximately within the range of forces in Figure 6.8.
The displacement of the tip position for the experiment without force feedback was found to
be -16 mm in the x, -12.5 mm in the y, and -19 mm in the z -directions as seen after t = 2.2s
(Figure 6.12(e)) from the start of the experiment. The change in the pressure for the case
when only position controller was activated is as seen in (Figure 6.12(a)). Similar to the
test in tri-sector 3, this pressure correction was not sufficient in reducing the position error
caused by the exertion of the external forces. Activation of the tunable stiffness controller
enabled reducing the positional error by up to 65%, for this particular configuration and
force/moment value. This can be seen in Figure 6.12(b), (d) and (f) after 4.5 seconds. An
increase in pressure in chamber 1 from 0.51 bar to its maximum actuation pressure of 1.0
bar and from 0.4 bar up to 0.95 bar in chamber 3 (Figure 6.12(c)) enabled maintaining the
tip displacement within 5.6 mm in all directions Figure 6.12(f)).
The tests were repeated at multiple bending angles with various range of forces, and the
results are tabulated in Table 6.2. Similar tests were also conducted for tri-sector 1 and the
overall results can be found in Appendix A.
6.3.2 Normal Disturbance Rejection: Prototype A
The results presented in this section correspond to the scenario when Prototype A, under
elongation mode, encountered an external disturbances at the tip, normal to the cross-
section of the soft manipulator. Pressure in all three chambers were approximately 0.40
bar. Ideally, the bending angle for the manipulator under elongation mode should be zero;
however, in the algorithm, the manipulator is considered to be in the elongation mode if
the bending angle is below 5◦. This definition provides more stability and reduces the
oscillation whilst rejecting the unwanted forces. The tunable stiffness controller activates
the matrix for elongation configuration when the bending angle is below 5◦, and at any
point, if the bending angle increases due to high disturbances, the controller will activated
the appropriate tri-sector matrix based on the current location of the soft manipulator.
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(a) Force applied at the tip (b) Force applied at the tip
(c) Position of the manipulator (d) Position of the manipulator
Figure 6.13: . Disturbance rejection of normal force when the manipulator is in elongation mode of
Prototype A. (a), (c) without tunable stiffness control but only with position controller and (b), (d)
with tunable stiffness controller as well as position controller.
In this experiment, a normal force of 0 to 3.9 N in the z -direction was applied to the tip of the
module (Figure 6.13(a) and (b)). Although this force was normal to the tip of the prototype,
the point of application is not exactly along the central axis of the manipulator, generating
a small moment (and a slight bending of the manipulator), at a magnitude of approximately
0.0015 Nm in x and between -0.005 in the y-direction as shown in Figure 6.13(a) and (b).
The tunable stiffness controller activated the appropriate matrix, as previously explained, to
maintain the tip position of the module as close to the central axis as possible. As illustrated
in Figure 6.13(c), the maximum tip displacement when the tunable stiffness controller was
inactive is 12 mm, 14 mm and 6 mm in x, y and z -direction, respectively. On the contrary,
the maximum tip displacement is much lower when the tunable stiffness contoller is active
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(6 mm in x, 4.7 mm in y and 1 mm in z -axis), thus reducing the error in tip displacement
by 58% as illustrated in Figure 6.13(d).
6.3.3 Lateral Disturbance Rejection: Prototype B
Case 1
The tests described in Section 6.3.1 were repeated for Prototype B. For Scenario 1, robust-
ness of the soft manipulator at different bending angles was investigated using the same
level of moment/force range. For all three bending angles, the force was exerted laterally
i.e. perpendicular to the circumference of the tip module from the orientation angle of
approximately 250◦, with respect to the central axis of the prototype.
The soft manipulator was first initialized to bend 60◦ towards sector 3 with internal pressures
starting at just over 0.8 bar for chamber 1, starting at approximately 0.7 bar for chamber
2 and 0.3 bar for chamber 3(Figure 6.14(a) and (b)). An external force as in Figure 6.14(c)
and (d) was injected onto the tip laterally. The displacement of the tip position for the
experiment that did not use the tunable stiffness controller reached a maximum of 14
mm in the x, 9 mm in the y, and -18 mm in the z -directions as seen after 2.5 seconds
(Figure 6.8(e)). On the contrary, when the tunable stiffness controller was activated, the
pressure in the chambers were corrected accordingly, to compensate for the change in the
length caused by the disturbances, which resulted in a much smaller displacement for the
tip position. As shown in Figure 6.14(f), the tip moved 2.5 mm in the x, 3.9 mm in y,
and 4.65 mm in the z - directions, after t = 2.5s from the start of the experiment. The
pressure within chambers 1 and 2 underwent a change of 0.58 bar and 0.45 bar respectively
in the attempt to nullify the error in tip displacement caused by the external force. This
proves that the controller improved the robustness of the system by reducing the error in
displacement by approximately 71%.
The results for initial bending angle of 30◦ and 90◦ are as shown in Figure 6.15 and Fig-
ure 6.16, respectively. For both experiments, the range of force/moment used is similar to
when the prototype was initialized at 60◦, as can be seen in Figure 6.14(c) and (d). For
the case where the module is initialized to a bending angle of 30◦, maximum change in
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(a) Chamber pressures (b) Chamber pressures
(c) Force applied at the tip (d) Force applied at the tip
(e) Tip displacement (f) Tip displacement
Figure 6.14: Disturbance rejection of Prototype B bending within tri-sector 3 at 60o bending angle:
(a), (c) and (e) without stiffness controller but only with position controller. (b), (d) and (f) with
stiffness controller as well as position control.
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(a) Chamber Pressures (b) Forces applied at the tip (c) Tip Displacement
Figure 6.15: Disturbance rejection of Prototype B bending within tri-sector 3 at 30o bending angle:
(a), (b) and (c) are the actuation pressure, force/moment and tip displacement respectively, with
tunable stiffness controller.
(a) Chamber Pressures (b) Forces applied at the tip (c) Tip Displacement
Figure 6.16: Disturbance rejection of Prototype B bending within tri-sector 3 at 90o bending angle:
(a), (b) and (c) are the actuation pressure, force/moment and tip displacement respectively, with
tunable stiffness controller.
pressure of approximately 0.4 bar for both chamber 1 and 2 was inflicted to counteract the
applied external forces, as can be seen in Figure 6.15(a). The maximum tip displacement
for this configuration was 2.75 mm in the x, 4.1 mm in y, and 4.58 mm in the z - directions
(Figure 6.15(c)), which is almost similar to the case of when the module was initialized
at 60◦ (Figure 6.14(f)). For 90◦ configuration, module was actuated up to its maximum
pressure of 1.5 bar, as can be seen in Figure 6.16(a) and the tip displacement was slightly
larger in comparison with 30◦ and 60◦ configurations, with maximum tip displacement of
3.75 mm in the x, 4.6 mm in y, and 6.58 mm in the z - directions. Further pressurisation to
correct the larger tip displacement was halted as it could damaged the silicone module, con-
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sequently resulting in higher displacement error. The controller improved the robustness of
the system by reducing the error in displacement by approximately 83% for the 30◦ configu-
ration (Figure 6.15(c)) and approximately 68% for the 90◦ configuration (Figure 6.16(c)) in
comparison to when the tuneable stiffness controller was deactivated (Figure 6.14(e)).
Case 2
Figure 6.17(a) shows the two cycles of forces/moments exerted laterally to Prototype B
that was bent at 60o within tri-sector 3. The force/moment of the first cycle reached a
maximum of approximately -0.005 Nm in the x, 0.017 Nm in the y and -1.3 N in the z -
directions, while the second cycle had a significantly smaller magnitude of force/moment at
a value of approximately -0.003 Nm in the x, 0.007 Nm in the y and -0.8 N in the z -directions.
As expected, the activation of the tuneable stiffness matrix resulted in minimizing the tip
displacement error. The tip displacement for the lower force range was 2.5 mm in the x, 3.7
mm in y, and 4.25 mm in the z - directions, as seen after t = 10s in Figure 6.17(c). As can
be seen in this figure, the tip positional error before t = 10s was also within the same range
(2.7 mm in the x, 3.9 mm in y, and 4.6 mm in the z - directions) as the consecutive cycle even
though the force exertion was significantly higher. The change in pressure within chamber
1 and 2 for the first cycle was 0.62 bar and 0.68 bar, respectively, and for the second cycle,
the change in pressure for chamber 1 and 2 was 0.5 bar and 0.40 bar respectively, as can be
seen in Figure 6.17(b). This change in pressure was sufficient to keep the tip displacement
error well below 5 mm in all directions. This experiment proves that the tunable stiffness
controller, alongside the position controller, is capable of reducing the tip positional error
within 5 mm even when higher force/moment is exerted onto the module, as long as there
is sufficient available pressure that can be used to correct the error.
Case 3
All the tests conducted in tri-sector 3 were repeated for tri-sector 2. The comparison of
lateral disturbance rejection of Prototype B bending 60o within tri-sector 2 is as illustrated
in Figure 6.18. The change of pressure within the chambers is as illustrated in Figure 6.18(a)
and 6.18(b). Disturbance forces as in Figure 6.18(c) and (d) were exerted to the manipulator
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(a) Chamber pressures
(b) Forces applied at the tip
(c) Tip displacement
Figure 6.17: Disturbance rejection at two different range of external forces for Prototype B. The
module is bending within tri-sector 3 at 60o bending angle. (a), (b) and (c) are the force and
moment, actuation pressure and tip displacement, respectively.
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laterally from orientation angle of approximately 140o. The tunable stiffness controller
managed to keep the tip displacement pattern to below 4.8 mm in all directions (1 mm
in x, 4.76 mm in y and 4.64 mm in the z -directions) as illustrated in Figure 6.18(f), in
comparison with a much higher tip displacement when only position control was active as
illustrated in Figure 6.18(e). For the case when only position controller was active, the
change in pressure in chamber 1 and 3 are approximately 0.3 bar, insufficient to minimize
the tip displacement error. A change of approximately 0.65 bar in chamber 1 and 3 was
observed when both position control and stiffness control was active, to minimize the tip
displacement error. Improvement of 70% was gained with the activation of the tunable
stiffness controller.
The results for different bending angles and multiple range of forces are tabulated in Ta-
ble6.3. These tests were repeated for tri-sector 1 and the results can be found in Appendix
A.
6.3.4 Normal Disturbance Rejection: Prototype B
The experiments discussed in Section 6.3.2 for rejecting forces normal to the tip when the
prototype is in elongation mode, were repeated for Prototype B. Based on Figure 6.19(a)
and (b), the disturbance force had a dominant magnitude of up to 4N in the z -direction since
the force was exerted upward, normal to the tip of the prototype. A small moment in the
range of +/- 0.005 Nm was also observed because the force applied was not perfectly aligned
with the central axis of the prototype. As illustrated in Figure 6.19(c), the maximum tip
displacement when the tunable stiffness controller was inactive are -18mm in x, -12mm in
y and 9 mm in z -directions. The tip displacement was much less with the activation of the
tunable stiffness controller. From Figure 6.19(d), at t = 5.9s, when the force/moment was
at the lowest magnitude, with 1.15 N in the z -direction and 0.0013 and 0.0012 Nm in the x
and y-directions respectively, the tip displacement was observed to be 2 mm in x, 1.3mm in
y and -3.6 mm in z -directions. Overall, a maximum deviation of 5.8 mm in x, 4.3 mm in y
and 4.7 mm in z -direction was observed when external forces, as shown in Figure 6.19(b),
were applied at the tip of the soft manipulator, thereby improving the robustness of the
system by up to 65%.
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(a) Chamber pressures (b) Chamber pressures
(c) Forces applied at the tip (d) Forces applied at the tip
(e) Tip displacement (f) Tip displacement
Figure 6.18: Disturbance rejection of Prototype B bending within tri-sector 2 at 60o bending angle:
(a), (c) and (e) without stiffness controller but only with position controller. (b), (d) and (f) with
stiffness controller as well as position control.
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(a) Force applied at the tip (b) Force applied at the tip
(c) Position of the manipulator (d) Position of the manipulator
Figure 6.19: Disturbance rejection of normal force when manipulator is in elongation mode of Pro-
totype B. (a), (c) are the results for the system without stiffness controller but only with position
controller, and (b), (d) are the results for system with stiffness controller as well as position con-
troller.
6.4 System With an Inbuilt Stiffness Mechanism
Previous sections demonstrated the capability of the tunable stiffness controller in rejecting
the impact of external normal and lateral disturbances with an improvement in robustness
of up to 67% for Prototype A and 74% for Prototype B. This section aims at analyzing
the robustness of the system when the in-built stiffness mechanism is working in conjuction
with the tunable stiffness controller and the position controller. Prototype C, presented
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earlier in Section 4.1 was used for this analysis.
6.4.1 System Implementation
Similar to the previous tests, the prototype was first set to reach the desired position
(Xd, Yd, Zd) where the position controller would calculate the desired length of each cham-
ber to achieve this target position. Once the desired position has been achieved, the al-
gorithm activated the vacuum regulator, to transition the free-flowing granules within the
stiffness chamber into a jammed stated. The activation of the vacuum regulator compacted
the granules together, restricting its movement, hence, providing an added stiffness to the
module. The MELFA robot was programmed to exert external force after the activation of
the vacuum regulator. Any presence of disturbances detected by the force/moment sensor
activated the tunable stiffness controller to maintain the desired tip position, as previously
explained in Section 6.2.
6.4.2 Lateral Disturbance Rejection
Prototype C was initialized to reach bending angle of 60o at an orientation angle of 220o
within tri-sector 3. External force, as in Figure 6.20(a), from an orientation angle 220o was
exerted laterally onto the prototype. Two consecutive external disturbances were applied
to test the effectiveness of the granular jamming method. A lower range of force/moment
(-0.0045 Nm in x, 0.012 Nm in y and -0.9 N in z -directions) was exerted before t = 5s
followed by a higher range of force/moment (-0.0045 Nm in x, 0.0145 Nm in y and -1.12 N
in z -directions). The pressure within chambers 1 and 2 increased up to 1.28 bar and 1.4
bar respectively before t = 5s and after 5 seconds, the pressure within chamber 1 reached
its peak value of 1.5 bar and 1.42 bar for chamber 2 to minimize the tip displacement error.
The pressure in chamber 3 underwent minimal changes due to the activation of the position
controller.
For the lower force ranges, the overall tip displacement was below 2.7 mm for all three
directions (2.2 mm in x, 2.65 in y and 2.7 mm in z - directions), and the tip displacement
was observed to be below 3.3 mm in all directions (2.6 mm in x, 3.15 in y and 3.3 mm in z
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(a) Chamber pressures
(b) Forces applied at the tip
(c) Tip Displacement
Figure 6.20: Disturbance rejection at two different range of external forces for Prototype C. The
module is bending within tri-sector 3 at 60o bending angle.
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- directions) for the higher force ranges. The main observation compared to the results of
Prototypes A and B was that, not only was the tip displacement error was on average lower
due to the enhanced stiffness of the manipulator, the oscillation in the tip displacement was
also greatly reduced with the activation of the in-built stiffness mechanism.
6.5 Discussion
Figure 6.21 compares the resultant tip displacement of the single module of the soft ma-
nipulator, under increasing resultant disturbance forces of up to 1.7 N, for the case of with
and without the tunable stiffness controller. As shown in Figure 6.21(a) and (b), both
Prototypes A and B were unable to maintain their tip positions, in the absence of a tunable
stiffness controller, when a disturbance force was applied to the module's tip and this re-
sulted in significant deviation from the desired tip position. The tip displacement deviated
as high as 25 mm for Prototype A and 21.5 mm for Prototype B when the tunable stiffness
controller was inactive. On the other hand, there is a significant robustness against the
same disturbance force when the tunable stiffness controller was activated. This ability
towards rejecting the disturbance force depends on the current desired tip position. This is
due to the available pressure within the chamber which is used to drive the soft continuum
prototypes to reject the external forces.
As illustrated in Figure 6.21(b), Prototype B managed to keep the tip displacement to below
5 mm for a bending angle up to 60◦, and the tip displacement error increased to 8.3 mm
for a bending angle of 90◦. This is not the case for Prototype A, where the displacement
error was around an average of 5.5 mm at 30◦ and increased to an average of 8 mm when
the module was actuated at 60◦ and the extent of error increases as the bending angle
increases.
Even though the test conducted for both prototypes started at the same initial configu-
ration, the internal pressure to achieve this configuration is different for both prototypes.
Prototype B needed to be actuated to a higher pressure to achieve the same configuration,
making it more stiffer and consequently resulted in lesser displacement upon force exertion.
Furthermore, as explained in Section 4.1, Prototype B can be safely actuated to up to 1.5
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(a) Performance of Prototype A (b) Performance of Prototype B
Figure 6.21: Comparison of disturbance rejection capability at different initialization points: Tip
displacement versus resultant force of (a) Prototype A, and (b) Prototype B .
bar but Prototype A can only be safely be actuated to 1.0 bar. Moreover, the change in
pressure to correct the displacement error is lower for Prototype B in comparison to Pro-
totype A, since Prototype B has a higher active cross-sectional area which results in higher
driving force to counteract the disturbance. Therefore, Prototype B requires less pressure
to correct the same force/moment range compared to Prototype A. The wider operational
pressure range, combined with the lower change in pressure range to reject the disturbances,
makes Prototype B superior in terms of its capability to reject disturbance; hence, more
robust compared to Prototype A. As has been introduced and explained in Chapters 3 and
4, Prototype B is of higher stiffness compared to Prototype A due to the fibre reinforce-
ment around the module’s chamber, which results in smaller tip displacement for the same
magnitude of forces.
Overall, the tunable stiffness controller reduced the tip displacement by about 67% and
74% for Prototypes A and B respectively, when initialized at 30◦, 62% and 71% for bending
angle 60◦ and 53% and 61% for bending angle of 90◦, compared to the modes without this
novel stiffness controller. These results support the initial assertion that a dynamic stiffness
matrix is required in order to actively counteract external disturbance forces for real-time
control of soft continuum manipulators.
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Figure 6.22: Comparison of disturbance rejection capability between the systems without in-built
stiffness mechanism (Prototype A and B) and with in-built stiffness mechanism active (Prototype C)
Figure 6.22 illustrates the comparison of disturbance rejection capability between the sys-
tems without in-built stiffness mechanism (Prototypes A and B) and system with an active
in-built stiffness mechanism (Prototype C) with initial bending angle of, 60◦. As expected,
the activation of the in-built stiffness mechanism further increased the robustness of the
system. As can be seen in this figure, the overall tip displacement was well below 3.3 mm
when the in-built stiffness was active. It is noticed that, continuous real-time changes of
the actuation pressure creates some oscillation at the tip due to the soft nature of the pro-
totypes. Activation of the in-built stiffness mechanism greatly reduced the oscillations of
the tip, hence increasing the stability of the overall integrated system.
6.6 Chapter Summary
This chapter presents a new methodology of real-time active stiffness control for soft contin-
uum manipulators. Tunable stiffness controller for enhancing robustness was implemented
by tuning the stiffness characteristics of each prototypes to produce a dynamic stiffness
matrix. This resulted in regulating the chamber pressures, in real-time, to actively reject
presence of any external disturbances occurring in normal and lateral direction. Experi-
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ments were conducted to derive the empirical relationship between chamber pressures and
applied force/moment as well as the relationship between the chamber length and the ap-
plied forces. Tunable stiffness matrices were derived for four configurations depending on
the workspace of the manipulator, namely, the three tri-sectors and elongation. This ap-
proach was used because the symmetrical actuation of the module would not correspond to
a symmetrical force distribution measure on the force sensor. Each stiffness matrix operated
dynamically based on the tip position measured by the position sensors. This method was
first implemented and verified on a system without in-built stiffness mechanism, followed
by validation using a system with activated an in-built stiffness mechanism.
A comprehensive study of the system’s capability towards disturbance rejection was pre-
sented for all three prototypes, encompassing all defined workspaces for different configura-
tions to properly understand their characteristics as well as limitations. All three prototypes
posses different capabilities in rejecting external disturbances through deploying the tunable
stiffness controller. As evident from this study, the soft continuum manipulator prototype
with an active in-built stiffness mechanism performed superiorly compared to the other two
prototypes.
The next chapter will utilizes the methods and results obtained in this chapter and the
previous chapter to determine the overall payload capacity of the final prototype of the
proposed flexible uterine manipulator.
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Chapter 7
Experimental Validation for
Clinical Scenarios
To increase the practicality and the avail of the theoretical analysis from the previous sec-
tions, an analysis of the achievable range of motion and payload capacity of the proposed
flexible uterine manipulator was conducted. The conceptual design introduced in the ear-
lier chapter was realized in this chapter and its strength and practicality was evaluated.
This chapter first analyses the competency of the earlier prototype with varied mechani-
cal stiffness to mainly grasp the actual capability of the soft silicone module in handling
certain payloads and the importance and significance of the stiffening mechanism. Further
strength, payload capacity and reachable workspace tests were conducted on the final pro-
posed design of the flexible uterine manipulator in a setting similar to the actual usage of
uterine manipulator in clinical scenario. These tests investigated the actual capability of
the proposed design.
7.1 Prototype of the Flexible Uterine Manipulator
Section ?? provides the details of the conceptual design of the proposed flexible uterine
manipulator. This concept is implemented and realized as shown in Figure 7.1. For this
particular prototype, the cervical cup mounted at the most distal part of the manipulator
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Figure 7.1: Final prototype of the flexible uterine manipulator
has an opening diameter of 29 mm, similar to the ”standard” size V-care cup [19] as well
as ”medium” size RUMI uterine manipulator [28]. This cup design can be easily made into
several sizes to accommodate different uterus size, thus, give precision in delineating the
vaginal fornices. The total weight of the two cups together with the rod is 4.75g. The
manipulator is also equipped with position sensor and force sensor. The position sensor
is located within the cavity of the rod and the force sensor is located between the soft
manipulator and the rigid manipulator holder as shown in Figure 7.1. The aim of the
prototype is to provide the desired range for both anterior-posterior and lateral movements
whilst manipulating a load up to 40 g at its distal tip.
7.2 Preliminary Testing
Preliminary testing was conducted using the earliest soft module prototype which is the
silicone module with external braided crimped sheath. Three variations of this module
were tested for their ability to hold weight after being actuated to a bending angle of 90o,
using two chambers actuation. The variations of the modules are as described below:
1. Prototype A with no stiffening mechanism/spring (as presented in Section 4.1)
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(a) Prototype A without internal spring
(b) Prototype A with internal spring of 40 mm diameter
(c) Prototype A with internal spring of 80 mm diameter
Figure 7.2: Comparison of disturbance rejection capability at different initialization points: Tip
Displacement versus resultant force of (a) Prototype A, and (b) Prototype B .
2. Silicone module with two co-centric soft springs each with a diameter of 4 mm, located
at the central chamber
3. Silicone module with one stiff spring with a diameter of 8 mm located at the central
chamber
The test setup can be seen in Figure 7.2. All three modules were mounted vertically onto a
retort stand and were initialized to achieve 90o bend with a cable tray is tied at the tip of
the bent modules to house the weights used in the experiment. The control module (module
without any embedded spring) required 0.35 bar pressure in the to chambers to reach 90o
bending angle. Modules with spring in the middle however require higher pressure to achieve
the initial 90o bending angle as the spring provided an added stiffness to the modules. The
modules with two soft springs utilised 0.65 bar pressure while the module with one stiff
spring used 0.8 bar pressure to reach the desired bending angle. After initialisation, one
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Figure 7.3: Comparison of module bending angle among the three variations of external braiding soft
silicone module recorded while under tip load
penny coins, each weighing 3.5 g, were added one by one to the tray, while images were
taken incrementally to measure the new bending angles as seen in Fig 7.2. A total of 12
one penny coins were used, giving the load at the tip of up to 42 g.
Based on Figure 7.3, the module with the 8 mm spring maintained the 90o bend up to
14 g and started to deviate from the 90o angle once the fifth coin was placed in the tray.
This module had a maximum deviation of 15o with a final bending angle of 105o after
all twelve coins were inside the tray. The spring as well as the higher actuation pressure
provided greater stiffness to the module, for it to be able to achieve better resistance to
loads, which resulted in smaller deviation. The module with the 4 mm soft spring and the
control module bent to an angle of 125o and 135o, respectively; a larger deviation from its
initialized position compared to the module with the 8 mm spring, as expected.
Three main points can be deduced from this experiment. First, soft silicone manipulator,
while flexible, is capable of handling a load especially with addition of some sort of stiffening
mechanism built into the manipulator's body; second, the module losses a lot of its flexibility
with the insertion of the spring. More than double pressure value was used to actuate
the module with the stiffer spring to a 90o angle compared to the control module, which
also means that less available pressure is left to accomplish any positional correction or
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control purposes since the maximum safe operating pressure for this particular design is
1.0 bar. Finally, based on these two points, it is obvious that a better silicone module
design which can provide stiffness to the soft body, while maintaining the desired flexibility
is needed.
7.3 Strength and Payload Capacity
Based on the literature and series of experiments conducted in the previous chapters and
previous section, the silicone module exhibit a great potential for the development of soft and
flexible uterine manipulator. However, up to this point, the actual strength and payload
capacity of the flexible uterine manipulator is yet to be known. Since the manipulator
consists of multiple chambers within the same cylindrical structure, the strength of the
manipulator is influenced by the material strength and structure of the manipulator, but
mainly, it is determined by the internal pressure within the chamber and the stiffening
mechanism if it is activated. This section is dedicated to evaluate the actual strength,
payload capacity and reachable workspace of the final prototype.
The payload capacity of the final prototype was evaluated for a payload of 10 g, 20 g, 30 g
and 35 g, at the extremities of its workspace for each individual payload. The payload was
hung at the distal end of the manipulator and the weight was distributed along the rod.
The setup to test the payload capacity experiment is as shown in Figure 7.4. This setup
was chosen to emulate the surgical environment where the patient is positioned lying down
on the surgical table during the procedure.
Two types of tests were conducted to assess the functional requirements outlined in Section
3.2. First is the anterior movement test to observe the manipulator’s capability in achieving
the desired anterior-posterior movement range and second is the lateral movement test to
verify the capability to move in the lateral plane. For the anterior test, the module was
actuated vertically upward along θant, while for the lateral movement test, the module was
actuated along the angle of the horizontal deflection from the central line, θlat, as shown in
Figure 7.5.
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Figure 7.4: Test setup for to investigate strength and payload capacity of the prototype.
Figure 7.5: The measured bending angle for (left) lateral testing and (right) anterior testing.
7.3.1 Anterior Testing
Anterior movement is a movement of flexion and extension of the uterus in the sagittal
plane. For anterior testing, the manipulator was actuated to lift the load attached at the
tip upward as in Fig. 7.6. Two types of tests were conducted to assess the capability of the
proposed model in moving in the anterior-posterior plane as listed below:
 actuation without activation of stiffness chamber
 actuation with activation of stiffness chamber
For both tests, the pressure was initialised to bring the manipulator to horizontal position
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Figure 7.6: Anterior testing of the flexible uterine manipulator.
(a) 0g load manipulation (b) 10g load manipulation (c) 20g load manipulation
(d) 30g load manipulation (e) 35g load manipulation
Figure 7.7: Anterior movement test result: Bending angle of the flexible uterine manipulator with
multiple loads attached to the distal end of the rod.
so that the tip of the manipulator was aligned with the central line of the manipulator.
Then, the pressure within the actuation chamber was increased incrementally until θant
reached 90o or until the actuation pressure reached a maximum of 1.8 bar, which ever came
first. The bending angle for each pressure increment was then measured.
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Table 7.1: Achievable bending angle for the one chamber activation anterior move-
ment test
Weight
Bending angle for actua-
tion without stiffness
Bending angle for actua-
tion with stiffness
0 g > 90o > 90o
10 g > 90o > 90o
20 g > 90o v 90o
30 g 79.8o 73.1o
35 g 64.5o 59.8o
Figure 7.7 compares the results for anterior movement test for the system with and without
activation of stiffness chamber, for each selected weight, individually. Overall, the system
lost some of its flexibility with the activation of the stiffness chamber. This is reflected by
the lower bending angle value for the same pressure increment between the two systems.
The system under vacuumed was observed to have between 7o to 13o lower bending angle
compared to the system without stiffness. Based on this test, it can be seen that the
system was capable of bringing the 10 g and 20 g loads to reach a full 90o bend for both
system with and without the activation of in-built stiffness, before the systems reached its
maximum allowable pressure. However, as the weight was increased further, the systems
reached its maximum pressure before it is able to bring the load to 90o bend. Table 7.1
shows the final achievable bending angle for all four tested payloads.
7.3.2 Lateral Testing
Lateral movement is the bending of the uterus toward the left or the right side . Lateral
movement testing is conducted by actuating the manipulator to the left and right of the
center line of the manipulator as shown in Figure 7.8. Similar to the anterior movement
test, the pressure within the chambers was first initialized to bring the manipulator to
the horizontal position. The pressure value was then incrementally increased to move the
manipulator that was carrying the load. The experiment was conducted for a system with
and without activation of the stiffness chamber.
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Figure 7.8: Lateral testing of the flexible uterine manipulator.
(a) 0g load manipulation (b) 10g load manipulation (c) 15g load manipulation
(d) 25g load manipulation (e) 30g load manipulation
Figure 7.9: Positioning accuracy of the final prototype when multiple loads is placed at the distal end
of the uterine manipulator
The results for the lateral movement test are analogous to the anterior movement tests
whereby the achievable bending angle reduced as the weight at the tip of the manipulator
is increased. The highest bending angle that the manipulator can achieve was 90o (to the
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Table 7.2: Achievable range for anterior-posterior and lateral movement of the
flexible uterine manipulator
Weight
Bending angle sys-
tem without stiffness
Bending angle
system with stiff-
ness
0 g > 90o v 90o
10 g v 90o 83.4o
15 g 84.5o 78.1o
25 g 77.9o 72.5o
30 g 59.1o 51.3o
left and right of the centreline of the manipulator), when the manipulator was not carrying
any load and when 10 g was placed at the tip. The maximum bending angle that the
manipulator can achieve was reduced to 85.4o and 78.1o for a system without and with
stiffness mechanism, respectively; when a 15 g load was placed at the tip. The bending
angle was further reduced with the increased of the load. The overall result is shown in
Figure 7.9 and tabulated in Table 7.2.
7.4 Soft and Flexible Robotic Uterine Manipulator Control
Previous section has presented the range of movements in the anterior-posterior place as
well as in the lateral plane. As can be observed, different pressure value resulted in different
final position for each payload used. In the actual application, the manipulator is expected
to reach a certain position regardless of the weight of the uterus. Accuracy in the position
can be obtained by implementing closed-loop control as described in Section 5.6. This is
particularly important for automated positioning of the uterus by the surgeon. Surgeons can
input the desired goal position and the algorithm will output the pressure value needed to
reach the position. For this experiment, 21 positions in space has been chosen as the desired
goal position as shown in Fig. 7.10. A 2D x-z plot was selected to give a better visualization
of the actual position with respect to the goal position compared to a 3D x-y-z- plot. The
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algorithm used for this experiment is similar to Section 5.6 except for the inverse kinematics
block. The inverse kinematics used in Section 5.6 does not account for deformation of the
manipulator due to the payload. In this experiment, the inverse kinematics in [106] was
adapted. The method presented in [106] maps the location of the tip of the manipulator
with the pressure value in the presence of external forces. Therefore, this method is much
more suitable than the inverse kinematic used in Section 5.6. The external forces created
by the load attached at the tip was measured using the force sensor mounted between the
soft module and the rigid shaft (refer to Fig. 7.1) and the inverse kinematics block output
the desired length to be achieved based on the desired x-y-z points decided by the surgeons.
This experiment was repeated three times for all 21 selected positions with all four payloads,
and results presented in Fig. 7.10 are the average position from the five runs. These figures
compared the desired goal position with the actual measured tip position.
Figure 7.10(a) shows the result of the control experiment when the 10 g load was applied
to the tip of the manipulator. As can be seen in this figure, the manipulator was able to
trace all 21 points very well. From Fig. 7.10(b), it can be seen that the system is capable of
manoeuvring the tip, with the 20 g load attached to it, to trace the points in the first three
rows quite well. However, an error of between 2% to 4% was observed between the desired
and the actual measured point when the manipulator was tracing the row furthest away
from the initial starting point. The results for the 30 g load is shown in Fig. 7.10(c). The
first two rows showed a match with a 3% to 5% error where the points closer to the central
initial points produced lower errors compared to the points farthest from the initial starting
point. The error increased up to about 18% for the last two rows for the 30 g payload
manipulation test. Similar observation can be seen for the 35 g load. The error was smaller
for points closer to the initial starting point and increased as the points were further away.
The error recorded was between 7% to up to 33% when the tip of the manipulator was
tracing the points with 35 g on its tip.
There are a few reasons contributing to these observed errors. First, based on the experiment
for the anterior and lateral movement, it is obvious that some of the points are simply
unreachable especially for the heavier load. This is due to the limit in the actuation pressure
value, influenced by the design of the soft silicone module. Further increase of the actuation
175
(a) 10g load manipulation (b) 20g load manipulation
(c) 30g load manipulation (d) 35g load manipulation
Figure 7.10: Positioning accuracy of the final prototype when multiple loads are placed at the distal
end of the uterine manipulator.
pressure can damage the pressure chamber and reduced the life cycle of the manipulator.
Secondly, twisting was observed along the body of the manipulator if the desired points
were located outside of the y = 0 plane and the twisting was more prominent when the
manipulator was carrying heavier loads. This twisting phenomenon of the soft manipulator
was not modelled in the material-based dynamic model, hence contributing to the error
between the desired and the actual points.
Finally, the preliminary experiment using the 1p coins as previously presented in Section
7.2 was repeated with the final prototype with a slight modification. An active closed-
loop control algorithm was activated throughout the experiment to maintain the initialized
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Figure 7.11: Positioning accuracy of the final prototype when multiple loads are placed at the distal
end of the uterine manipulator, for the system without in-built system mechanism.
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Figure 7.12: Positioning accuracy of the final prototype when multiple loads are placed at the distal
end of the uterine manipulator, for the system with in-built system mechanism.
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position of the manipulator even after coins were added to the tray mounted at the tip
of the manipulator. This way, the manipulator’s true ability to hold weight at a certain
position can be obtained. The manipulator was mounted horizontally similar to Fig. 7.4
instead of vertically to emulate the surgical environment. The model-based closed-loop
positional control as presented in Section 5.6 was used to achieve the initial desired position
and the disturbance rejection control as presented in Section 6.2 was activated once the
tip of the manipulator reached the initial desired position. The change in weight in the
tray was treated as external disturbances and the deviation from the initial position was
corrected just as described previously in Section 6.2. The test was first conducted without
activation of the stiffening mechanism and was repeated for when the stiffness chamber is
activated.
For this particular experiment, the manipulator was initialized to achieve 30o bending angle
upward from the centerline. Coins were added to and removed from the tray over a period of
approximately 50 s. Figure 7.11 and Fig. 7.12 show the x, y and z-position throughout the
experiment for systems without and with activation of the stiffness chambers, respectively.
The red dotted lines shown across the graphs are the points when there is a change in weight
on the tray. Lines (a) to (c) represent the time when the coins were added onto the tray
and lines (d) to (f) are points when coins were removed from the tray. Two 1p coins were
added simultaneously at one time and a total of six coins with the weights of 21 g were
used all together. Figure 7.11 shows the results for the system without in-built stiffness
mechanism while Figure 7.12 is the results for the system with in-built stiffness. For both
cases, without and with the activation of stiffness mechanism, the deviation of the tip was
corrected and the tip returned to the desired initialised position. However, as can be seen
in these figures, the deviation from the initial position, as the coins were added or removed,
was much larger for the system without in-built stiffness mechanism. For example, at point
(b), for a system without stiffness mechanism (Figure 7.11) , the deviation is approximately
5 mm, 3 mm and 18 mm in the x, y and z -directions and for the system with in-built
stiffness (Figure 7.12), the deviation from the desired point is 1.5 mm, 2 mm and 11 mm
in the x, y and z -directions. Similar results were obtained at point (c), when the existing
weight in the tray was 14 g, and another 7 g was added to the tray.
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The activation of the in-built stiffness mechanism provides stability to the system such that
it lessen the deviation from the desired position when a new weight is added, while the
manipulator is already holding a weight. It also reduced the oscillations of the tip due
to continuous changes of the pressure within the actuation chambers. This results agree
with the findings in Section 6.4. Another thing to note is that, if the manipulator were to
be initialised to achieve bending angle larger than 30o, the performance would decline as
the weight get larger, because the manipulator has less available pressure to be utilised to
correct the positional error.
7.5 Functional Requirement
Table 7.3 summarises the overall achievement of the flexible uterine manipulator prototype,
according to the desired functional requirements outlined earlier, based on the series of
thorough experiments conducted as presented throughout this chapter.
In terms of the design, this flexible uterine manipulator has met all of the targets or the
specifications outlined earlier in Section ??. The design is almost similar to the design of
a lot of currently available uterine elevators in the market with an added improvement to
the flexible mechanism to give wider range of motion and to avoid tissue trauma or patient
discomfort. Zooming into the more technical specifications, there is still a lot to be done. As
with any flexible or continuum manipulator, this silicone-based flexible uterine manipulator
is capable of achieving 180o range of motion in any direction. However, this range becomes
narrower as more load is placed at the tip. The 90 ◦ anterior motion is achievable up to the
25 g load and the 45 ◦ is achievable for all the loads tested in these experiments.
The findings in Section 7.4 shows that the silicone-based flexible uterine manipulator is ca-
pable of achieving positional accuracy based on the control algorithm introduced in Chapter
4 and 5, while handling a load. However, the error between the desired and measured points
increases after the 20 g load is placed at the tip. As previously explained, twisting was ob-
served along the body of the silicone actuator as the load gets heavier which contributes to
the error apart from the limit in the actuation pressure value to support the weight being
carried by the actuator.
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Table 7.3: Overall performance of the proposed flexible uterine manipulator
Specification Achievement
90 ◦ anterior and 50 ◦ posterior motion X180 ◦ anterior-posterior
45 ◦ lateral motion X90 ◦ lateral motion
Allow the usage of multiple sizes of cup
and tip
XCups and tips are easily exchangeable to
a different size
Have remote and automated control X
Main actuation mechanism is soft Partially met - the main actuation mecha-
nism is soft; however, the force sensor at-
tached to it is rigid
Able to handle load up to 40 g at the distal
tip
Partially met - 180 ◦ anterior-posterior for
up to 20 gm, 80 ◦ anterior and 90 ◦ poste-
rior for 30 gm and 65 ◦ anterior and 90 ◦
posterior for 35 gm load
Stable and can withstand external pertur-
bation
Partially met - the system is generally sta-
ble, however, it can withstand external
perturbation very well when manipulating
loads of up to 20 to 25 g only. Performance
decline if weight is more than 25 g
An improved design of the flexible actuator, which can withstand a higher actuation pressure
while still being very flexible, is required for the manipulator to be fully functional as a
uterine manipulator.
7.6 Conclusion
The final prototype of the flexible uterine manipulator has been presented and its design and
implementation has been described. The prototype is lightweight, equipped with sensors
and can be operated remotely from the surgeon’s operating console, making it compatible
with the current da Vinci(R) system. Functional requirements of the manipulator have been
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defined based on the currently available design.
Majority of the work in this chapter has focused on experimental validation towards the
use of the said prototype in clinical scenarios. A series of experiments has been conducted,
which included the posterior-anterior movement test, lateral movement test and position
control test, to evaluate the actual strength, achievable range as well as the accuracy of
the prototype. The anterior-posterior movement test revealed the the prototype met the
90◦ anterior - 40◦ posterior requirement up to the 20 g load only. On the other hand, the
prototype managed to achieve the minimum 45◦ lateral movement range for all the loads
used in the test. The manipulator loses some of its flexibility, with its maximum flexion
bending angle reduced by 11 % with the activation of the in-built stiffness mechanism.
The accuracy and stability of the flexible uterine manipulator was evaluated through the
position control experiment. The results are somewhat similar to the previous tests whereby
good accuracy was obtained for payload of up to 20 g and mismatch between the goal
position and the actual position started to occur as the load was further increased. While
the achievable bending angle is reduced with the activation of the stiffness mechanism, the
control experiment revealed that the stability of the system increased tremendously when
stiffness mechanism is active.
Overall, this chapter shows the actual strengths and weaknesses of the silicone manipulator,
especially in terms of the payload capacity. It provides thorough insight into the nature of
the problem at hand in designing a flexible uterine manipulator based on a silicone actuator.
It also opens up new ideas for improvement of the design towards applying a soft continuum
actuator for a uterine manipulator.
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Chapter 8
Conclusions
In summary, this research has presented novel contributions towards the development of a
flexible uterine manipulator based on a soft continuum manipulator. Through the studies
presented in this document, many contributions have been made to the state-of-the-art.
A brief summary of the results and conclusions throughout each chapter of the thesis are
highlighted below:
In Chapter 2, literature review has been carried out on the currently available uterine
manipulators in the market, flexible surgical instruments as well as soft continuum manip-
ulator/robot prototypes. Based on the currently available manipulators, the limitations
in terms of design, structure and technique of manipulation have been identified. Com-
mercially available uterine manipulators are designed from rigid materials; hence, they are
limited in their capabilities in manoeuvering in confined spaces without applying excessive
contact pressure. Extensive literature has been reviewed on soft continuum robots, and all
of the successful prototypes are based on the application of interest. The use of pneumati-
cally actuated soft continuum manipulator for surgical instrument is scarcely explored and
there is a significant lack of understanding in terms of the actual behaviour of the manip-
ulator, which increases the difficulty in achieving accurate positional control. The findings
of this review support the relevance and novelty of the proposed solutions and the research
conducted in this thesis, towards the development of a flexible uterine manipulator.
The central focus of this study is the feasibility of the proposed soft actuation mechanism for
183
the uterine manipulation. Several silicone-based soft actuator designs have been proposed.
Chapter 3 has introduced the designs of the proposed soft actuators and their integration
with the rest of the hardware components as well as the software framework of the system.
This chapter has emphasised on the characterisation and behavioural analysis of each of the
proposed soft actuation mechanism to compare and evaluate each of its potential towards
the application. The analyses carried out include workspace analysis and stiffness analysis
to identify their reachable range, linearity, consistency, strength as well as stiffness. The
results of these analysis served as the basis to the modelling and control approach taken in
the following chapters.
Chapter 4 has proposed a novel approach of material-based dynamic modelling based on
the constitutive law of material behaviour, to embody the inherent non-linearity exhibited
by the soft silicone actuator. This modelling approach helps advanced the state-of-the-art
of the dynamic modelling of soft continuum manipulators, an area that is poorly studied
in the research of continuum manipulators. A modified Kelvin-Voigt model has been used
to embody the visco-hyperelasticity dynamics of soft silicone used in the fabrication of the
soft manipulator. Lagrangian approach has been applied to derive the overall equation of
motion. The prototypes with fibre reinforcement has been modelled with ROM for compos-
ite material and added to the visco-hyperelastic material model to capture the change in
strength and stiffness of these prototypes. The results, which compared the performance of
the proposed model for all three prototypes revealed that the approach has sufficiently cap-
tured the non-linear behaviour and hysteresis exhibited by two out of the three soft actuators
developed in this study, including under dynamic conditions. The proposed material-based
model has been implemented for closed-loop feedback control demonstration and the results
show that the model-based controller design has managed to track the desired trajectory
successfully. This model can also be generalised to other materials by changing the pa-
rameters of the constitutive model to fit the stress-strain mechanical testing data for any
material. This proposed model contributes by filling the gap in knowledge on the dynamics
and control of the soft continuum actuator.
The stiffness of robot manipulators generally represents the accuracy required to satisfy the
desired position and force commands. In Chapter 5, a new methodology for designing a
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real-time tunable stiffness control has been proposed to provide variable stiffness along the
length of the manipulator to reject any presence of external disturbances and ultimately give
a more accurate feedback position control response. An empirical approach has employed
in formulating the tunable stiffness matrix, which varies depending on the position of the
manipulator within the defined workspace. The matrix has been used to regulate the
chamber pressure to actively reject the presence of any external disturbance. The formulated
stiffness matrices, for each soft actuator prototypes, have been examined for consistency and
reliability towards disturbance rejection. The results show an improved stiffness for all three
proposed prototypes with the system with activation of the in-built stiffness mechanism
performing superiorly compared to the other two prototypes.
Chapter 6 has proposed a novel silicone-based flexible uterine manipulator. This chapter
has advanced the experimental research of the previous chapters by examining the actual
payload capacity and achievable range of the proposed flexible uterine manipulator. The
setup and tests have been designed to emulate the surgical environment and movement.
The results show that the investigated silicone actuator design has a lot of potential to be
used as a uterine manipulator; however, the design of the actuator needs to be improved
for it to be able to handle a higher loads and to achieve better accuracy in its automated
control.
8.1 Research Achievements
The research presented in this thesis contributes significantly to the state-of-the-art of soft
continuum robots and its applications in the following ways:
 Characteristics of multiple soft continuum actuator design - three different
silicone-based soft continuum actuator designs has been investigated in this thesis
each with different characteristics and behaviour. A thorough behavioural analysis
of individual designs have been conducted to compare the degree of non-linearity,
stiffness and reachable workspaces.
 Material-based dynamic modelling - A novel material-based dynamic model has
introduced for a three pneumatic chamber actuator to embody the non-linear dy-
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namics of a composite soft continuum manipulator based on the constitutive law of
material behaviour. This model has validated through experimental testing and the
results shows that it has accurately captured the nonlinear behaviour and hysteresis
exhibited by the soft actuator. The model can be generalised to other materials other
than silicone by changing the parameters of the constitutive model.
 Position control of soft continuum manipulator - Position control was executed
based on the proposed dynamic model. The error based on the open-loop model val-
idation experiment has been further reduced with the model-based feedback control.
 Stiffness characteristics of soft continuum actuator - Extensive experiments
have been conducted and the results highlights the actual stiffness of the soft manip-
ulator which depends on its position across the workspace. These findings leads to
the approach used in disturbance rejection control.
 True capability of soft continuum manipulator in handling payloads - Actual
strength of the soft continuum prototype was investigated through series of experiment
with varying load.
8.2 Future Research
Although the research presented in this thesis has contributed to the state-of-the-art in
state-of-the-art of soft continuum robots and its applications, there are ways in which this
research can be continued in its current path. In addition, variations in the future direction
of this research should also be considered. The following recommendations are proposed for
future research areas:
 Improvement to the dynamic model - The dynamic model introduced in this thesis
has been optimize for when no load is attached to the silicone actuator and works
well for a light weight load of up to 20 g as described in Chapter 6. The model needs
to be optimised for a higher load capacity and needs to include the model of twist
deformation/torsion of the silicone to get better accuracy especially at higher load
capacity. Furthermore, based on the results obtained in Chapter 5, the model emulates
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true behaviour of the silicone only at pressure higher than 0.4 bar. Improvement to
the model need to be made for pressure lower than 0.4 bar.
 Multi-module dynamic modelling - The proposed material-based dynamic model is
currently carried out to work on a single module actuator. This is just the start-
ing in the groundwork for the modelling of soft continuum manipulators. Modelling
approach can be extended to a multi-module system. Extension to a multi-module
system would make the model applicable to many more applications.
 Multi-module stiffness control - Similarly, the stiffness control through disturbance
rejection could also be extended for a multi-module system. The method of charac-
terisation in obtaining the tunable stiffness matrix could also be improved to be more
general and modular so that it can easily be extended for one, two or more modules.
 Design and material - The biggest challenge in this research is definitely the design
of the manipulator itself. The design plays an important role in determining the
pressure limit, the degree of non-linearity, the payload capacity and so much more. It
is apparent in this thesis that changes in the method of constraining the radial inflation
have resulted in huge impact on the performance of the silicone actuator. Further
development of the designs or material may give a huge impact on the performance of
the system. Different methods of stiffening mechanism could also be explored to give
added stiffness and improve the non-linearity of the silicone actuator.
 Operating console and slave system - As of now, the research has been focused on
optimising the modelling, control and design of the flexible actuator to be integrated
as part of the uterine elevator. The next big step forward is to design the master-slave
system and an operating console to allow remote operation of the uterine manipulator.
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Appendix A
Medical References
A.1 Anatomy of Uterus
Appendix A contains information and images related to the medical terms used in this study,
specifically in the anatomy of the uterus as well as the anatomical reference planes.
The uterus female reproductive organ shaped like an upside-down pear and is about 7.5 cm
in length with a maximum diameter of 5 cm. It is located superior to the urinary bladder
and between the two ovaries in the pelvic cavity. It typically weighs between 30 to 40 g
and is stabilized by a various ligaments [170]. Anatomy of the uterus is as shown in Figure
A.1.
Figure A.1: : Anatomy of the Uterus in the Coronal plane [170]
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A.2 Anatomical Reference Planes
Medical professionals often refer to body parts in terms of anatomical planes. These imag-
inary planes dissect the body at certain physiologically distinct areas or in planes of sym-
metry, as shown in Figure A.2.
Figure A.2: : Anatomical reference plane [170]
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Appendix B
Robust Analysis in Trisector 1
(a) Chamber pressure (b) Chamber pressure
(c) Forces applied at the tip (d) Forces applied at the tip
(e) Tip displacement (f) Tip displacement
Figure B.1: Disturbance rejection of Prototype A bending within tri-sector 1 at 60o bending angle:
(a), (c) and (e) without stiffness controller but with only position controller. (b), (d) and (f) with
tunable stiffness controller, and position controller.
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(a) Chamber pressure (b) Chamber pressure
(c) Forces applied at the tip (d) Forces applied at the tip
(e) Tip displacement (f) Tip displacement
Figure B.2: Disturbance rejection of Prototype B bending within tri-sector 1 at 60o bending angle:
(a), (c) and (e) without stiffness controller but with only position controller. (b), (d) and (f) with
tunable stiffness controller, and position controller.
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